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 This body of research explores the use of poly(vinylpyridine) (PVP) containing block 
copolymers and colloidal scaffolds as templates for use in synthesizing mono and bimetallic 
nanoparticles for energy-related catalysis. Devices such as direct formic alcohol fuel cells 
(DFAFCs) are an attractive portable energy technology due to low operating temperatures, 
high energy conversion, and low pollution outputs. DFAFCs will require optimized catalytic 
structures that improve the overall stability, efficiency and cost. Currently, obstacles are 
linked to the high cost of the default platinum (Pt) electrocatalyst and the lack of adequate 
catalytic activity needed for oxidation of formic acid in DFAFCs. Alloy bimetallic platinum-
based nanoparticles (PtxM100-x NPs; where M = Au, Ir, Pd, etc.) have shown excellent 
catalytic activities for both anodic and cathodic reactions as well as the ability to oxidize 
surface adsorbed carbonaceous poisons.  
Synthetic methodologies that allow for intentionally designed structures PtxM100-x with 
a specified size, composition, and inter-particle spacing are therefore key to advancing the 
field of energy-related catalysis. The synthesis of these catalytic nanostructures can be 
carried out using well-defined polymer frameworks that selectively retain catalyst precursors. 
PVP, a polymer bearing pyridine residues is capable of metal-coordination or electrostatic 
association with metal anions in acidic media. In this work, we explore the synthesis of 
cross-linked PVP colloids and block copolymer templates capable of loading with catalyst 
precursors (ie: PtCl62-, AuCl4-, IrCl62-). PtxM100-x. NPs were produced in PVP frameworks by 
both photolytic and thermal reduction methods and were analyzed via atomic force 
microscopy (AFM), scanning transmission electron microscopy-energy dispersive x-ray 
spectroscopy (STEM-EDS). Thermogravimetric infrared spectroscopy (TGA-FTIR) was used 
to investigate thermal and chemical properties of the materials. Elemental compositions 
v 
 
were determined by x-ray photoelectron spectroscopy (XPS) and laser ablation inductively 
coupled plasma mass spectrometry (LA-ICPMS) and electrochemical measurements for 
electrocatalytic oxidation of alcohols were examined using cyclic voltammetry (CV). 
Bimetallic nanoparticles of platinum-iridium (PtxIr100-x) were synthesized on electrodes and 
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1. Introduction and Background 
1.1 Fuel Cells 
Fuel cells are highly efficient devices that continuously convert chemical energy to 
electrical energy as long as oxidant and reductant are supplied. These energy conversion 
systems have been around since the mid-19th century, yet did not have a commercial use 
until space exploration in the 1960s.1 More recently, fuel cells have begun to attract great 
attention as the need for clean energy systems becomes increasing more critical. These 
devices have low pollution outputs due to the absence of fuel combustion and avoid the 
thermodynamic limitations associated to heat engines. The maximum efficiency of a heat 
engine is described by the Carnot cycle and Carnot efficiency, ɛthermal, is defined as follows:2 
(1) 
Where Wr is work done by the system and ΔH is the enthalpy put into the system. T1 and T2 
are the absolute temperatures of cold and hot reservoirs. The actual efficiency of heat 
engine is quite low, around 20%, while the efficiency of a fuel cell is 54% or roughly three 
times greater.3 
The fuel cell efficiency, ɛcell, is described by the Gibbs free energy, ΔG, of an 
electrochemical reaction and the enthalpy change (ΔH). Theoretically, all free energy 
generated by the reaction can be converted to electrical energy and is expressed by the 




The Gibbs free energy of a chemical reaction can be related to the voltage of the cell, ΔU0, 
the number of electrons, n, and the Farraday constant, F. This term can be related and 
expressed as the total electrical work performed, We, by the system. TΔS corresponds to 
the isothermal entropy change and is also dependent on the reaction. If heat can be 
retained in the cell then efficiencies are allowed to be greater than one, however this is rare 
due to electrode overpotentials causing efficiencies to be lower.2 The above equation (Eqn. 
2) alone does not fully characterize fuel cell efficiency. Other factors relating to the fuel and 
catalytic activity must also be considered to fully describe efficiency. A comparison of the 
overall efficiencies of several electrical systems are shown in Figure 1 where heat capture is 
taken into account.  
 There are many types of fuel cells and are typically classified based on operating 
temperature, construction, and the electrolyte supplied. The electrolyte must sufficiently 
transport dissolved reactants to and from the electrodes as well as facilitate the necessary 
electrical potential between anode and cathode. The electrolyte can be acidic or alkaline 
where transport of either H+ or OH- ions is permitted. There are a wide variety of electrolytes 
both liquid and solid. The intended operating temperature, power output, and construction of 




Figure 1 Comparison of electrical system efficiencies where PEMFC – Polymer electrolyte 
membrane fuel cell, DMFC – Direct methanol fuel cell, SOFC – Solid oxide fuel cell, PAFC – 
Phosphoric acid fuel cell.2, 4 
  
Recently, formic acid has been recognized as a viable alternative liquid fuel for 
electrochemical energy conversion that can provide a high power density (i.e. rate of energy 
transfer per unit volume) at ambient temperatures making it ideal for miniaturized portable 
devices. Formic acid facilitates both proton and electron transport and offers a high 
compatibility with internal fuel cell components. The theoretical electromotive force of the 
electrooxidation of formic acid is 1.45 V coupled to the oxygen reduction reaction (ORR) as 
shown by the overall reaction  
 
Figure 2 Chemical equations and overall potentials for the electro-oxidation of formic acid 




equations in Figure 2.5 This value is higher than other competing fuels such as methanol 
(1.18 V) and peroxide (1.23 V).6 In addition to technical reasons, formic acid is relatively 
safe at dilute concentrations and is approved by the US Food and Drug Administration for 
use as a food additive.7, 8 Formic acid is not limited by transportation or storage obstacles 
because this fuel remains a liquid at room temperature and has a significantly lower vapor 
pressure (49 mm Hg) than methanol (96 mm Hg) or gasoline (337 mm Hg) at 20 oC.9 It 
should be noted that the melting point of formic acid (8.4 oC) is relatively higher than some 
fuels and therefore preventing solidification in devices may be a priority worth considering.10 
The abundance and potential for sustainable production of formic acid is also worth 
considering.  
 The selective oxidation of insoluble biomass to formic acid using molecular oxygen is 
known as the OxFA process. The conversion process is carried out at 90 oC at 30 bar with 
yields of up to 53% of formic acid.11-13 Keggin-type polyoxometalate homogenous catalysts 
are used to carry out this synthesis and simple methods of extraction such as distillation can 
be employed to isolate the desired fuel. Furthermore, the concept of producing formic acid 
from hydrogenation of carbon dioxide has been proposed as a possible catalytic cycle, 
which could in turn make formic acid more readily available.14, 15 
 
Figure 3 General reaction scheme for the OxFA process using a Keggin-type catalyst.11 
 
1.2 Direct Formic Acid Fuel Cells 
The first component of this thesis focuses on catalytic applications in direct formic 
acid fuel cells (DFAFCs), which are a subset of polymer electrolyte membrane fuel cells 
(PEMFCs). PEMFCs are suitable for portable and stationary applications and have the 
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highest power densities (300 – 1000 mW/cm2) of all fuel cell types at low operating 
temperatures.4 The basic structure of a DFAFC consists of two electrodes positioned 
between a specialized polymer electrolyte membrane (PEM), typically a Nafion® sulfonated 
fluoropolymer. The anode and cathode are coated with catalytic material on the surface to 
promote reactivity. Currently the most widely used catalyst is bulk platinum on a carbon 
support.16 At the negative electrode, or anodic side, aqueous formic acid is fed in directly 
without need for complicated catalytic reforming. The strong formic acid electrolyte promotes 
both electronic and proton transport via catalytic oxidation at the surface of the anode. Two 
pathways have been proposed for formic acid oxidation on the surface of typical noble metal 
catalysts such as platinum (Pt0).17 The first pathway occurs via a dehydrogenation reaction 
forming CO2, protons and electrons. The second pathway forms an adsorbed CO 
intermediate that can later become oxidized to the CO2 product. The first pathway is 
preferred to avoid formation of CO poisoned catalyst sites. Therefore, careful selection of 
the anodic catalyst is critical to enhance the overall fuel cell efficiency. 
 
Figure 4 Dual mechanism reaction pathway of formic acid oxidation.18 
  
 
Following complete oxidation of formic acid, movement of electrons occurs through 
an external circuit to produce electrical work and protons travel across selective sulfonic 
channels in the PEM. Protons, electrons and influx of oxidant recombine at the cathode 
where the oxygen reduction reaction (ORR) is catalyzed. This DFAFC conversion process is 
schematically shown in Figure 5.  
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In literature, DFAFCs have demonstrated excellent power densities at ambient 
temperatures for miniaturized applications.19-22 DFAFCs offer considerable advantages over 
the well-studied direct methanol fuel cell (DMFC) including a lower rate of crossover flux by 
2 orders of magnitude. The energy density of liquid formic acid (2086 Wh/L) may be lower 
than liquid methanol (4690 Wh/L), yet when crossover is considered the allowed 
 
Figure 5 Diagram of direct formic acid fuel cell highlighting the electrochemical conversion 
processes.3 
 
fuel concentration of formic acid relative to methanol is much higher causing this energy 
density difference to be obsolete.23 Lower rates of crossover provide the ability to have 
higher fuel concentrations and compensate for a lower energy density.  
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 Crossover can occur in any PEMFC where reactant from the negative electrode 
permeates the Nafion® membrane and travels to the positive electrode. This undesired 
process leads to poisoning of and competition for active sites on the cathodic catalyst 
leading to sluggish kinetics for the ORR. Mixed open circuit potentials can also be generated 
if corrosion of the electrode by crossover is accelerated. This process also escalates 
breakdown and degradation of the polymer membrane, which further accelerates crossover 
and can ultimately render the cell inactive.24 The fuel cell efficiency is also compromised 
because the full potential of electrical work is not captured. Crossover of fuel is dependent 
on several variables such as temperature, membrane thickness, as well as solubility and the 
diffusivity of the fuel type. This has been one of the most significant issues associated with 
the use of methanol in PEMFCs. Studies have been carried out to investigate the behavior 
of low crossover rates associated with DFAFC performance.25-27  
 





A direct comparison of methanol and formic acid crossover rates have been studied 
and summarized by Jeong and Meisse in Figure 6. The experimental set-ups consisted of 
real fuel cell membrane-electrode assemblies. Temperature, concentration, and membrane 
thickness and conditioning were held constant across both fuel systems. Measurements 
were taken by collecting and transferring the cathodic exhaust to a catalytic afterburner. Any 
residual fuel collected in the exhaust was verified as CO2 and sent to a gas chromatograph 
for quantification. Substantial conclusions from this study indicate that crossover increases 
with higher fuel concentrations and that methanol crossover is 6 times greater than in formic 
acid fed PEMFCs. This compatibility allows for a higher range for feed concentrations for 
formic acid between 1.8 and 10 M, while the upper limit for methanol concentration is 2 M.23 
The mechanism for such an observed contrast can be explained by considering the 
chemical structure and selectivity of the Nafion membrane shown in Figure 7. The 
sulfonated channels allow cations to freely flow and anions are selectively blocked.29 In 
solution formic acid partially dissociates to the formate anion [HCOO]- while methanol can 
form a methoxonium [CH3OH2]+ cation by abstracting protons on catalytic surfaces.25  
These methoxonium cations can rapidly diffuse through the Nafion membrane. Secondly, 






Figure 7 Vehicular transport mechanism water being selectively taken up by narrow ionic 
channels in Nafion® membranes.30 
 
 
1.3 Concepts in Pt-based Catalysts 
There are several parameters that can be altered in order to achieve good catalytic 
activity of Pt-based catalysts. These specifications are of key importance to electrocatalytic 
reactions and are concerned with enhancing surface reactivity. Size, shape, structure, 
composition, and inter-particle spacing are of crucial interest to advancing energy and fuel 
cell technologies 
High surface area catalysts can only be achieved by the dispersion of nanostructured 
particles.31 For instance, if a single cubic packing structure is considered, the dispersion 
fraction decays rapidly as more atoms are added to the cluster. The fraction then only 
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reaches unity when all atoms present in the structure are also represented on the surface. 
This concept is of high importance because atoms in the bulk are not utilized directly for 
surface catalysis. This becomes fundamental when dealing with expensive catalysts such as 
platinum (Pt). It is clear that Pt is one of the most expensive d-block transition metals as 
presented by Figure 8. Producing high surface area catalysts and Pt-based alloys provides 
an added cost benefit especially if the second metal is less expensive.  
 
Figure 8 Cost analysis of periods 4, 5 and 6 d-block transition metals.32 
 
 Nanoparticles within the limits of 2 – 5 nm in diameter exhibit higher reactivity 
towards electro-oxidation and the ORR.33-35 This is largely related to the structure and shape 
of the cluster. For instance, metal atoms that reside on corners, edges and at surface defect 
sites have lower coordination providing the ability to have a stronger metal-adsorbate 
bond.31 These sites are higher in energy and more numerous in nanostructures. 
In the mid-1960s a major contribution was made by Bockris and coworkers on the 
role of Pt-based nanostructures in catalytic processes with respect to electrode reactions.36 
They found that organized nanostructures could dramatically enhance activity. Electronic 
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and geometric induced effects were considered. These bimetallic concepts are modeled by 
several mechanisms shown in Figure 9  
  
Figure 9 Pt-based alloy fundamental surface modification mechanisms for enhanced 
catalytic activity.37 
 
The ensemble effect is generated by an unequal distribution of surface atoms that 
make up a bifunctional uniform alloy of two or more metals. Therefore, each metal can act to 
promote different elementary reaction steps necessary to complete the mechanism.38 
Electronic effects and charge transfer between dissimilar metal atoms has also been 
proposed as means to promote reactivity.39, 40 This electronic enhancement is characterized 
by the short-range ligand effect where a Pt skin resides as the top layer and the interior is a 
complementary metal that leads to an overall shift in the d-band center, which can be used 
as a measure of strength for the metal-adsorbate interaction.41-43 Geometric effects are 
described by having either an expansive or compressive strain and arise due to lattice 
constant mismatch resulting in a structure that is more and in some cases less optimal for 
12 
 
surface catalysis.44 It is realistic to consider several of these mechanisms working in 
combination. The selection of a second metal is carefully chosen in order to enhance 
reactivity. Volcano type plots are often used to describe where optimal catalytic activity is 
reached for a particular reaction in question. 
 Volcano plots reflect trends in the reactivity between substrate and catalytic surfaces. 
Fundamentally, these plots illustrate Sabatier’s principle, which deals with the rate of a 
catalytic reaction and its dependence on adsorption energy.45 If the adsorbate and metal 
interaction is either too strong or too weak the rate of reaction will suffer. These interactions 
are predicted using theoretical calculations that often align well with experimental 
observations. The volcano plot in Figure 10 describes the rate of catalytic activity of the 
decomposition of formic acid, r, characterized by temperature where log of r reaches a fixed 
value of -0.8. This was done in order to give a more realistic assesment of  
 





comparing catalytic activity on different metal substrates because often temperature is 
adapted to give desired catalytic activity. These data were plotted against the enthalpy of 
formation of surface adsorbed formate.46  The energetics of this decomposition were tracked 
on the basis of a surface adsorbed formate intermediate using infrared spectroscopy and 
calorimetric data. Both nickel and gold were quantitatively studied while other metals were 
empircally estimated based on enthalpies of formation for the surface adsorbed formate. 
Desired catalytic activity is theoretically reached at the apex where medium stability is 
achieved.  
 In regards to formic acid oxidaton, the so-called dual path mechanism previously 
discussed (adsorbed CO intermediate and non-CO reactive intermediate) has been widely 
accepted.5 The less desired pathway that undergoes dehydration forming the strongly 
adsorbed CO intermediate leads to the self-poisoning of active sites on the catalyst. It is well 
known that Pt-alloys display enhanced catalytic activity due to the bifunctional and electronic 
mechanisms discussed. The second metal can facilitate dissociation of water to form OH 
adsorbates that can oxidize neighboring CO adsorbed species on adjacent Pt sites to 
ultimately form the end CO2 product. Enhanced CO tolerance for electrooxidation of formic 
acid using Pt-M (where M = Fe, Ni, Co, Ru, Mo, Ir, etc.) has been demonstrated.47-50 
 Iridium (Ir) has the potential to promote oxidative stripping of surface adsorbed CO. 
Furthermore, oxygen species have been shown to form on Ir surfaces at low positive 
potentials for the electrooxidation of methanol.51 Ir has also been considered as an important 
transition metal for ketone, aldehyde, and alkene hydrogenation.52-54 These aforementioned 
catalytic properties make Ir a good candidate for a Pt-based alloy for formic acid oxidation 
reaction. Only a small number of studies have shown Pt alloys with Ir for oxidation of formic 
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acid and methanol.50, 55-57 More exploration in the area of Pt-Ir alloys may benefit the field of 
catalysis particularly in regards to formic acid oxidation.  
 In addition to selecting optimally reactive substrates, interparticle spacing of catalyst 
structures has shown to have a dramatic enhancement on specific activity (SA), the rate of 
reaction normalized to the electrochemically active surface area (ECSA) of Pt. The ECSA 
value can be obtained from a Pt electrocatalyst by cyclic voltammetry (CV) analysis. The 
          (3) 
procedure involves taking an electrode containing the catalyst of interest and cycling over a 
known range of potentials where a charge-transfer reaction occurs that is adsorption-limited 
at the surface active sites. The chrage density (qpt in Coulomb’s/cm2) obtained can be 
related to the total charge required for a single monolayer of adsorption/desorption. ECSA is 
represented by the above (Eqn. 3) where the constant, Г = µC/cm2 and L is the mass 
loading of the Pt content on the electrode.58 
The ECSA, SA, and mass activity (MA) (i.e. reaction rate in amps per gram) are 
critical performance metrics attributed to assessing catalytic performance. Studies have 
shown that for Pt catalysts the MA for the ORR reaches a critical maximum at ~ 3.5 nm. This 
finding is concluded to be an effect of the surface fraction of (100) and (111) crystal faces 
that effect the surface coordination number and are a result of a change in the average 
particle size.59  In contrast, studies have shown that the SA actually decreases as average 
particle size decreases and that ORR is mostly dependent on the electrolyte for particles 
less than 5 nm.60 A detailed summary of these findings was presented by Kinoshita in the 
1990s, which concluded that SA is independent of particle size, and MA is dependent on the 
fraction of (111) and (100) faces on cubo-octahedral Pt structures.59 Diminishing SA with a 
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decrease in particle size was not fully understood at this time. Limitations involved the 
inability to study particle size independently from surface coverage.   
 Recently, Nesselberger et al. reported ORR activity for size selected Pt nanoclusters 
where surface coverage was precisely measured using a laser evaporation cluster source. 
This cluster source technique allowed for control over the edge-to-edge distance between 
clusters within a range of 3 – 0.2 nm. It was observed that this interparticle distance had a 
decisive impact on SA shown in Figure 11. The legend in the figure conveys the number of 
atoms present in each Pt cluster specified by the cluster evaporation source studied for a 
range of edge-to-edge distances. The edge-to-edge distances were measured by scanning 
electron microscopy before and after electrochemical testing. Computational modeling 
concluded that the electric double layer had overlap on nanoclusters with an edge-to-edge 
distance of less than 1 nm causing causing an increase in potential in these regions.  
Figure 11 Specific activity versus edge-to-edge distance for the ORR where size selected 
nanoclusters are Pt20 = 0.6 nm, Pt46 = 0.8 nm and Pt>46 = 2.3 nm.61 
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1.4 Synthesis Background 
Two synthetic methods are presented in this work that utilize pyridine containing 
nanostructured polymer frameworks for nanoparticle synthesis. Both methods utilize pyridine 
to sequester and anchor transition metal complexes for the subsequent synthesis of mono 
and bimetallic nanoparticles. The morphology of the polymer frameworks (ie: block 
copolymers and polymeric colloids) are selected for the ability to control polymer size within 
a potential range of 10 – 1000 nm. The reason for this being that larger polymeric structures 
( ~ 1000 nm) provide a synthesis strategy that can specify a greater number of nanoparticles 
per unit volume in the polymer scaffold. Interparticle spacing is a theme explored in both 
synthetic schemes by either directing the chemical or physical cross-link density in the 
polymeric colloids or by the spacing of pyridine domains within the framework of block 
copolymers. 
The abiity to regulate interparticle spacing, composition, size, and morphology are 
key to producing robust synthetic methods for nanocatalysts. If these parameters can be 
controlled, then an increase in the activity and performance of a given reaction can be 
achieved.37 Furthermore, introducing complementary metals by alloy formation or isolation of 
other well-defined nanostructures (i.e. core-shell) has the potential to reduce cost and lead 
to a more efficient utilization of a given precious metal such as platinum (Pt).  
The first component of this work focuses on the synthesis of platinum-iridium 
bimetallic nanoparticles from block copolymer templates for the electrocatalytic activity of 
formic acid oxidation.62 The second component of this work will focus on polymeric colloids 
for use in optical studies and as a host matrix for the synthesis of monometallic gold (Au) 
nanoparticles. The following sections discuss the significance and background of the two 




1.4.1 Pyridine as a Metal Directing Anchor 
The weakly basic pyridine can become a tertiary amine through protonation, 
acylation, alkylation, or N-oxidation at the nitrogen atom. In the acidic form, pyridinium ion is 
characterized by a pKa of 5.25.63 The nitrogen center of pyridine contains a lone pair of 
electrons, which contribute to a weakly basic behavior by acting as a Lewis base and 
donating electrons to a Lewis acid. Pyidine can also participate as a ligand and coordinate 
to a central transition metal complex. Though this interaction is relatively weak, the 
extraction of metal complexes has been reported from solutions as dilute as 5 x 10-8 M 
within poly(4-vinylpyridine) coatings.64 In addition to a metal-ligand coordination, electrostatic 
interaction of the pyridinium domain as well as potential for hydrogen bonding to metal 
anions and ligands is another mechanism by which metal complexes can be anchored.65  
1.4.2 Polymeric Structures Containing Pyridines 
The precise design of a desired polymeric structure must be intentionally chosen 
where both the synthetic process for loading as well as the resulting application and 
morphology are considered. There are four primary structures of interest that can serve the 
purpose of nanoparticle loading: micelles, hydrogels, vesicles, and dendrimers.66  The 
conformation and size of these structures are largely dependent on the degree of 
polymerization (DP), cross-linking density, and chemical characteristic chiefly based on 
intermolecular forces.   
The primary structure in regards to the backbone and associated pendant groups 
dictates functionality. As previously discussed, pyridine facilitates metal complex interactions 
by several mechanisms and has been deliberately used to selectively retain guest metallate 
molecules.67-70 Once metal complexes are sequestered, these well-defined templates 
provide opportunity for subsequent bimetallic formation or even core-shell nanoparticle 
structures.71 Control of the diameter distribution polymers structures is of high importance 
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especially when the primary objective is for use as a template or scaffold for the synthesis or 
encapsulation of nanoparticles. In order to access a length scale from 10 – 1000 nm, two 
polymeric conformations will be utilized.  
1.4.3  Block Copolymers 
The implementation of block copolymers as templates for synthesis and patterning of 
nanostructures on electrode surfaces has long been used as a lithographic technique.72, 73 
Nanolithography via block copolymers provides higher resolution than the more expensive 
top-down methods.74 These templates are only limited by the size of the polymer chain (~ 5 
– 20 nm), and are cost effective and scalable to planar surfaces.74 Specification of 
nanostruture size, composition, morphology and spacing has been demonstrated through 
the use of amphiphilic self-assembling block copolymer templates that can take on a wide 
range of architectures.75-78  
Block copolymers are composed of hydrophobic segments tethered to hydrophilic 
segments that self-assemble when dissolved in a segment-selective solvent demonstrated 
by Figure 12.79 The geometry of these assemblies hinges on the volume ratio between 
insoluble and soluble segments in that solvent. An imposed curvature of the two segments 
determines structure and is defined by the packing parameter, p where v and d  are the 
         (4) 
volume and length of the solvent-phobic block and a0 is the surface area between the 
solvent-philic and solvent-phobic blocks. The packing parameter is a unitless quantity that 
was originally developed as a surfactant model. As a general rule, a spherical micelle is 
formed when 0 ≤ p ≤ 1/3, 1/3 ≤ p ≤ 1/2 for cylinder, and 1/2 ≤ p ≤ 1 for a bilayer.80  
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Diblock copolymer micelles containing the functional moiety of 2-vinylpyridine or 4-
vinylpyridine are commonly used to sequester metal ions for subsequent reduction to zero-
valent nanoparticles.81-85 These micellar structures have a typical diameter range of 30-200 
nm.65, 85  
 
 
Figure 12 Self-assembly of block copolymers where packing parameter is determines 
morphology.78 
 
1.4.4  Polymeric Colloids 
The synthesis and properties of colloidal polymeric materials is a very broad 
research area. A commonality that many of these materials share is that colloids can be 
employed as polymeric nanocarriers. These nanocarriers have had substantial contribution 
to the pharmaceutical industry.66, 86 A few attractive properties include: soluble tunability, 
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response to both chemical and physical stimuli, and selectivity for the uptake of molecules. 
The stimuli-responsive character of colloids is often exploited for the use of drug delivery, 
which can be triggered by changes in pH, temperature, light, or even magnetic fields to 
name a few.87-89 
Synthetic parameters are often tailored to achieve a population of polymeric colloids 
with low size dispersity such that uniformity in properties is controlled. For a narrow 
molecular weight distribution the rate of initiation must be faster than the rate of chain 
propagation causing the polydispersity index becomes close to 1.00. This is often the case 
for “living polymerization”  and the contrast in these rates reduces the ammount of 
termination events that would otherwise lead to a wider distribution. If a monodisperse 
population of can be achieved than opportunites for colloidal crystal assemblies become 
available.   
Organized colloidal structures have intriguing optical properties and have been used 
for applications in chemical sensing.90, 91 Typical well estabilished examples of such colloidal 
materials are inorganic silica and polymer latexes. When these colloidal crystals form by 
self-assembly on a planar substrate, a densely packed face centered cubic (FCC) structure 
is typically formed. These FCC crystals often show the (111) set of planes at the interface 
         (5)  
between air and crystal. If the colloids diameter is within the range of 10 nm to 1 μm then 
beautiful irridescent color can be seen.92 This is in part due to the highly ordered arrays and 
the lattice constant being analogous to the wavelength of visible light (400 – 800 nm).93 As a 
result, these repeat 3D structures can diffract electromagnetic waves and may forbid a set 
21 
 
range of wavelengths from passing through the crystal lattice. This phenomenon is known 
as a stop band. The  
 
 
Figure 13 Theoretical calculation for a reflectance transmission curve of a FCC (111) crystal 
plane of a polystyrene colloid lattice with a filling fraction of 0.74 and a diameter of 170 nm 
(a) and diameter of 336 nm (b). Generated using WinCPC freeware. 
 
stop band color is contingent on factors such as spherical size, viewing angle, and the 
refractive index of the material. The center of the stop band λmax can be calculated using a 
combination of Bragg’s and Snell’s Law.94 This equation is more precise than Bragg’s Law 
alone because the reduced angle with respect to the refractive index of the crystal is taken 
into account. The equation above (Eqn. 5) is the resulting mathematical model where dhkl is 
the spacing between the (hkl) planes of the lattice, neff is the calculated effective refractive 
index based on the filling fraction (0.74 for (111) planes of the FCC) of spheres to air, and θ 
is the angle of incident light that is normal to the plane of the interface of crystal. If the 
wavelength of the reflection peak is known then the diameter of the colloid can be 
mathematically determined as shown for a hypothetical polystyrene colloidal crystal in 
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Figure 13. A colloidal diameter between 170 – 336 nm permits a λmax in the visible 
wavelength region (400 – 800 nm). 
 
1.5 Research Objectives 
The objective of this research centers around polymer frameworks that contain 
poly(vinylpyridine) as means for providing templates where the synthesis of metallic 
nanostructures can be carried out. Specifically, block copolymers and polymeric colloids will 
be used. In the first work, PtxIr100-x nanocatalysts will be assessed for the formic acid 
oxidation reaction to provide a better understanding of compositional effects such as Pt vs. 
Pt-alloys. The second component of the work will focus on poly(vinylpyridine) containing 
colloids for the exploration of self assembling photonic crystals and to explore the 
mechanism by which metal ion and subsequent reduction to nanoparticles effects the 
colloidal material. In-depth examination of catalytic and colloidal synthesis and 
characterization will be exhibited through the use of various techniques: atomic force 
microscopy (AFM), scanning electron microscopy (SEM), transmission electron microscopy 
(TEM), inductively coupled plasma mass spectrometry (ICP-MS), X-ray photoelectron 
spectroscopy (XPS), cyclic voltammetry (CV), photon correlation and reflectance 
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2. Experimental  
2.1 Synthesis of Pt-Ir Alloy Nanoparticle Electrocatalysts 
 The Pt-Ir alloy nanoparticles (NPs) were prepared using a block copolymer template 
to selectively capture metal anion precursors by a wet solution assembly. This procedure 
was modified from Aizawa et al.1 Surfaces of analytical and electrode-based substrates 
were subjected to the following procedures. 
2.1.2 Materials 
 The following commercially available materials were applied in the process: 
Dihydrogen hexachloroplatinate hexahydrate (H2PtCl6 6H2O) and dihydrogen 
hexachloroiridate hexahydrate (H2IrCl6 6H2O) were used as received from Fisher Scientific, 
Inc. Stannic chloride pentahydrate (SnCl4 5H2O) was used as received from MCB chemical 
company. Polystyrene-b-poly(4-vinylpyridine) (PS-b-P4VP) of block ratio ~3:1 was used as 
received from Polymer Source, Inc. Two polymers were selected: PS1492-b-P4VP471 (PDI = 
1.07) and PS552-b-P4VP174 (PDI = 1.14) where the subscripts indicate the average number 
of repeat units. Indium tin oxide (ITO) coated on passivated polished float glass (8 – 12 
Ω/cm2) were used as substrates and acquired from Delta Technologies, Ltd. Silicon oxide 
(100 nm) coated silicon wafers were used as received from Virginia Semiconductors. 
Toluene (ACS Reagent Grade) was obtained from Macron Chemicals, vacuum distilled and 
stored in an inert atmosphere before use. Potassium permanganate (KMnO4), anhydrous 
methanol (99.9%), trace metal grade hydrochloric acid (34 – 37%), trace metal grade nitric 
acid (67 – 70%), hydrofluoric acid (49% in water), acetone, and isopropyl alcohol were all 
used as received from Fisher Scientific, Inc. Sulfuric acid (H2SO4) (98%) and 
dichloromethane (99.8%) were both used as received from Macron Chemicals. Hydrogen 
peroxide (H2O2 ) (30%, ACS reagent grade) was used as received from EMD Chemicals Inc. 
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Formic acid (83%) was used as received from J.T. Baker Chemicals. Polystyrene (~200 
kg/mol) was used as received from Fluka Analytical.  
2.1.3 Block Copolymer Film Preparation 
The block copolymer films were prepared by dissolving PS-b-P4VP in anhydrous 
toluene (4 mg/mL) at 90 oC (363 K) under stirring for 12 h and then equilibrating to room 
temperature with stirring for 1 h prior to use. The ITO substrates were cleaned by sonication 
sequentially in dichoromethane, ultrapure water (18 MΩ), and isopropyl alcohol for 10 min. 
After sonication, the substrates were subjected to an Argon plasma etch for 10 min at ~ 10 
Pa (Harrick Plasma, PDC 32G, 18W). Thin films of PS-b-P4VP were prepared by filtering 
the polymer solution (Millipore syringe filters, PTFE, 0.45 µm) following direct placement of 
the solution onto substrates. The substrates were then rotated at 3000 rpm for 60 s using a 
Lite Laurell Spin Coater (WS-400B-6NPP). 
2.1.4 Synthesis of Electrocatalysts from Block Copolymer Templates 
Substrates coated with block copolymer films were placed face up in methanol for 10 
minutes causing micellar inversion as displayed by Chai and Buriak.2 Once removed, 
substrates were dried with filtered air and submerged in baths containing H2PtCl6 and 
H2IrCl6 codissolved in 0.10 M H2SO4. The metal ions made up a total concentration of 0.010 
M in varying ratios 100:0, 99:1, 98.5:1.5, 98:2, 97.5:2.5, 95:5, 90:10, 0:100. The samples 
were then thermally annealed for 2 h at 600 oC under flowing argon in a tube furnace 
(Thermolyne 1331 from Thermo Scientific). Before the heating process began, argon was 
continuously flowed through a quartz tube at room temperature with a flow rate of 10 L/h. 
The annealing protocol acted to pyrolytically degrade the polymer template and 
simultaneously reduce the metal anions to M0 in nanoparticle form. The reduction of metal 





2.2 Synthesis of Au-NP Containing Colloids 
Colloidal nanocarriers were synthesized by radical emulsion polymerization under 
air-free conditions and follows a modified procedure as outlined by Armes et al.5 The 
resulting colloids were purified by centrifugation and then loaded with metallate anion 
precursors ensuing a reduction to M0 by photolysis. The following methods were employed 
to achieve the discussed Au-NP containing colloids.  
2.2.1 Materials 
Materials for the preparation and synthesis of Au-NP colloids include the following: 
Potassium tetrachloroaurate (K2AuCl4), hydrogen tetrachloroaurate (HAuCl4), Poly(ethylene 
glycol) methacrylate (PEGMA), azobis(2-methylpropionamide) dihydrochloride (AIBA), 
anhydrous alumina oxide, Aliquat 336 and dialysis tubing with a MWCO of 12,000 – 14,000 
or 8,000 were all used as received from Fisher Scientific Inc. Divinylbenze (DVB), 2-
vinylpyridine, and styrene monomers were purified under Schlenck conditions using dry 
alumina oxide purchased from Fisher Scientific Inc. and stored at – 18 oC. Polycarbonate 50 
mL nalgene centrifuge tubes were obtained from Thermo Scientific. 
2.2.2 Polymerization and Purification of Poly(2-vinylpyridine) Containing Colloids 
The emulsion polymerization was carried out in a 100 mL single necked round 
bottom flask. The PEGMA stabilizer and Aliquat 336 surfactant were dissolved in ultra-high 
purity water (40.00 g) and sealed with a rubber septum. Purging of the reaction flask with 
five vacuum/nitrogen gas cycles was carried out. The degassed solution was then placed in 
a hot oil bath such that the temperature of the contents in the flask was stable at 60 oC 
under stirring at 500 rpm. Ultra-high purity water (5.00 g) was used to pre-dissolve the AIBA 
initiator in a scintilliation vial and set aside for later use. The comonomer mixture of 2-
vinylpyridine (2.00 – 5.00 g), styrene (0.00 – 3.00 g) and DVB (0. 02 – 0.04 g) was added to 
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a scintillation vial for a total targeted amount of 5.00 g. The contents of the comonomer vial 
was transferred to the reaction flask by way of syringe filter. Once the monomers were well 
dispersed throughout the solution, the AIBA initiator was immediately added to the reaction 
flask with a syringe. Copolymerization was continued for 24 h at 60 oC. 
Purification of the resulting colloids was done by centrifugation at 13,000 rpm for 10 
min. Careful decanting of the supernatant was discarded and replaced with ultra-high purity 
water. Redispersion was carried out by sonication and in some cases by stirring. This 
centrifugation process was repeated for a minimum of three times in order to remove any 
unreacted monomer, surfactant and non-grafted stabilizer. The end solution contained 7 – 
10 wt. % solids.   
2.2.3 Synthesis of Au-NP Colloids 
The formation of Au NPs from ion-doped colloids (6.0 wt. %) was demonstrated and 
adapted from Nakamura et al.6 The purified colloids were immersed in an aqueous solution 
at room temperature where 0.010 M K2AuCl4 dissolved in 0.10 M H2SO4 was added for a 
range of resulting concentrations (0.91 M to 1.61 x 10-3 M) of K2AuCl4 and pH of ~ 3. The 
mixed solution was stirred for 30 min and then purified by dialysis with a MWCO of 8,000 for 
8 h. This process provided the ion-doped colloidal hydrogels. The ion-doped hydrogels were 
then subjected to photolysis for 21 h in a Rayonet UV light box set to 5 A under stirring at 
500 rpm. UV irradiation afforded the reduction of aurate ions yielding a nanocomposite 
hydrogel. A successive purification by dialysis with a MWCO of 12,000 – 14,000 was 







2.3 Instrumentation  
2.3.1 Microscopy 
Atomic force microscopy (AFM) was performed with a Digital Instrument Nanoscope 
Illa multimode instrument. A resonant frequency of 300 kHz was used and operated in 
tapping mode. Silicone cantilever and conical sharp tips affixed to the open end of the 
cantilever were used to image the block copolymer films (Nanoscience Instruments) and NP 
array where possible. 
Transmission electron microscopy (TEM) was conducted on a Technai Osiris (FEI) 
scanning transmission electron microscope with an acceleration voltage of 200 keV. The 
objective lens consisted of an Analytical TWIN (A-TWIN) integrated with a Super-X EDX 
detection system. Both copper and nickel TEM grids (Structure Probe Inc., 500 mesh, Ted 
Pella., 200 and 300 mesh) were coated with formvar (SPI Cat. No. 02463-MB) and carbon 
sputter coated for 30 s until a thin layer of carbon was observed (PELCO carbon 
evaporation unit, 91520-91251) before use.  
Scanning electrom microscopy (SEM) implemented with a Vega TS 5136MM 
equipped with an energy dispersive  X-ray (EDX) spectrometer and a retractable backscatter 
electron detector (BSE). Colloidal samples were mounted directly on condutive carbon tape 
on aluminum studs and sputter coated with PdAu prior to imaging.  
2.3.2 Elemental Analysis 
X-ray photoelectron spectroscopy measurements were made by using a Physical 
Electronics Quantum 2000 scanning ESCA microprobe. This instrument was equipped with 
a monochromatic Al α X-ray (1486.7 eV) X-ray source for excitation and a spherical section 
analyzer. The pressure of the analyzer chamber was maintained at 10-6 Pa during 
measurements. High-resolution spectra were obtained for the electrocatalyst samples. The 
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X-ray beam was at 45o away from normal to the sample. All binding energies were corrected 
by referencing the C 1s peak to adventitious carbon at 284.6 eV.7  
A quantitative elemental analysis of electrocatalysts was conducted on an Agilent 
7500ce Inductively Coupled Plasma Mass Spectrometer (ICP-MS). An intergration time of 
0.1 s was applied using an on-axis octopole reaction system operated in collision mode 
using ultra-high purity He. Pt-Ir catalysts on ITO of known dimensions were allowed to 
dissolve in concentrated aqua regia for a minimum of 15 min and diluted to 3.5% (w/v) in 
polycarbonate 50 mL volumetric tubes. All glassware used in the process was soaked in a 
concentrated HCl bath overnight to remove contaminents. Standards were prepared by 
wieghing a targeted amount between 50 – 150 ppm of SnCl4 (an additional internal 
standard), H2IrCl6 and H2PtCl6 such that the resulting concentrations were accurately known 
within a matrix of 3.5% aqua regia (w/v). The concentrated metal salt solution was diluted by 
10-fold using serial dilutions to make up 8 standards for the calibration curve. The volume 
added to each standard for the serial dilutions was the 3.5% aqua regia (w/v) matrix. A 
matrix blank and ITO blank were also prepared. 
2.3.3 Photon Spectroscopy 
Dynamic light scattering (DLS) was used as a technique to determine the size 
distribution profile of colloidal particles in aqueous solution. A Delsa Nano HC Submicron 
Particle Analyzer from Beckman Coulter was used. Measurements were taken with pyrex 
cuvettes and water as a diluent at ambient temperatures. 
Reflectivity of opalescent colloids were measured on a Jasco V-670 
Spectrophotometer using the ISN-723 accessory. The profile range was scanned between 





2.3.4 Thermogravimetric Infrared Analysis 
 Thermal behavior and degradation of colloids was studied using a 
Thermogravimetric Analyzer (TGA) Q5000 IR from TA instruments. The TGA was coupled to 
a Nicolet iS10 Fourier-transform Infrared Spectrometer from Thermo Scientific. For all 
measurements the reaction cell was kept at 250 oC and transfer line at 225 oC with a 
constant flow of nitrogen while spectra were obtained. The custom experimental method 
was composed of the following events in the sequential order described: a ramp rate of 20 
oC/min to 100 oC, isothermal for 15 min at 100 oC, ramp rate of 20 oC/min to 800 oC and a 
final isotherm for 5 min at 800 oC. The balance and sample chamber was purged with 
nitogen at 10 and 90 mL/min respectivley.  
2.3.5 Electrochemical Analysis of Pt-Ir Nanocatalysts 
Electrochemical measurements were carried out on a WaveDriver 20 Bipotentiostat 
or a WavenNow Potentiostat (Pine Research Instrumentation). Steady-state cyclic 
voltammetry (CV) plots were obtained using a three electrode system that consisted of a 
silver/silver chloride reference electrode (Ag/AgCl), a platinum counter wire electrode and 
ITO coated glass with the catalyst of interest as the working electrode.  
Stringent cleaning procedures for all glassware and samples proved to be highly 
advantageous for reducing the appearance of organic contaminents in voltammograms. The 
cell and fritted glass purging tubes were soaked overnight in a solution of 6:100 (v/v) of 
H2SO4 to ultra-high purity water with KMnO4 such that the solution became opaque. After 
the glassware was removed, the resulting reddish greasy residue was rinsed with piranha: 
100 mL of 1:1 H2SO4 and H2O and 200 mL of 30% H2O2. Once all residue was removed, the 
glassware was rinsed with ultra-high purity water and finally by the intended electrolyte. The 
ITO containing mounted electrocatalysts were cleaned with acetone by the aid of a soxhlet 
extractor for a minimum of 12 h prior to the electrochemical measurements.   
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Measurements were taken at ambient temperatures in 0.10 M H2SO4 and 0.10 M 
HCOOH. The electrolyte solution was purged with nitrogen (Praxair, > 99%) via a fritted 
glass tube for 5 min immediately prior to cell assembly. To reduce the amount of dissolved 
oxygen in solution a constant flow of nitrogen was allowed to flow in and out of the 
headspace of the cell. A scan rate of 10 mV/s was used for 25 cycles between -0.25 and 
1.30 V. All voltammograms were reported relative to a ferricyanide calibrated Ag/AgCl 
electrode.The exposed catalytic area of the working electrode was immediately measured 
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3. Synthesis and Characterization of PtxIr100-x 
 This section specifically discusses the use of block copolymer templates that contain 
poly(4-vinylpyridine) for the synthesis of nanoparticles with varying composition of platinum 
and iridium (PtxIr100-x). This block copolymers are precursors to thin film templates capable of 
capturing platinate and iridate ions where these targeted domains have a capable range of ~ 
15 – 200 nm. Once PtxIr100-x nanoparticle arrays are formed, activity for formic acid oxidation 
is assessed.  
3.1 Block Copolymer Film Processing and Characterization 
 This process included the use of two different size selected polystyrene-b-poly(4-
vinylpyridine) (PS-b-P4VP) diblock copolymers, PS1392-b-P4VP471 and PS552-b-P4VP174. The 
subscripts denote the average number of repeat units ultimately determined from the 
number average molecular weight. These diblock copolymers were selected based on the  
Figure 14 Schematic of spherical micelle assembly in toluene. 
 
3:1 mass ratio of PS:P4VP due to the formation of spherical micelles via dissolution in a  
toluene solvent and are the precursors to self-assembled films.1, 2 Micellar formation is 
schematically shown in Figure 14. The pyridine moiety is of functional importance due to its 
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Brönsted base capability (pKa 4 – 5) permitting access to positively charged pyridinium.3, 4  
The hydrophobic polystyrene block resides as a solvent swollen corona while the 
hydrophilic P4VP block resides in the core of the micelle due to incompatibility with the  
Figure 15 AFM images for PS1392-b-P4VP471 (a) and PS552-b-P4VP174 (c) templates spin cast 
from toluene at 3000 rpm for 60 s. The corresponding inverted micelles are characterized in 
AFM images (b) and (d). Films were cast onto ITO coated glass substrates and are 2 µm by 
2 µm in area. The height scales have been adjusted for optimum viewing. 
 
solvent of choice. Block copolymer films were prepared from filtered toluene solutions (4 
mg/mL) by spin-coating directly onto planar substrates, which gives rise to a periodic surface 
configuration of kinetically isolated micelles. The quasihexagonal close packed arrays of the 
surface isolated micelles can be visualized by atomic force microscopy (AFM) in Figure 15. 
Morphology of cast films were analyzed to determine height, periodicity and the full width at 
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half maximum (FWHM) and reported in Table 1. These parameters are primarily set by the 
processing conditions. 
 
Table 1 Dimensions of PS-b-P4VP as cast templates taken from AFM images. 




PS(n)-b-P4VP(m) diblock copolymer templatea  AFM 
measured dimensions in nm. (Std. Dev.)  
 PS1392-b-P4VP471 PS552-b-P4VP174 
FWHM 54 (5) 35 (5) 
Height 26 (3) 14 (3) 
Periodicity 101 (8) 63 (8) 
a – n and m represent average number of repeat units of the PS and P4VP blocks 
respectively. 
 
 Once the film has been cast, an inversion step is necessary to expose or “prime” the 
poly(4-vinylpyridine) domains for sequestering metal salt(s) of interest, otherwise the 
polystyrene matrix would act as a barrier to the necessary mechanism. This occurs by 
immersing the film and substrate in a hydrophilic solvent such as methanol or acidic media.3, 
4 The poly(4-vinylpyridine) core undergoes reconstruction by becoming highly swollen with 
help from a favorable solvent. This increases the exposed area of the pyridinyl sites as 
depicted in Figure 15 b, and d. The polystyrene resides as an immobile vitrified matrix that 
ultimately stabilizes the local positioning of pyridinyl domains and prevents dissolution of the 
film. This priming step has been shown to experimentally improve the reproducibility of 
loading of metal ions (see below). 
 
3.2  PtxIr100-x Nanoparticle Synthesis 
 The metal salt(s) of interest are loaded into the polymer by placing the film into a 
solution containing acidic media and metal ions that define the catalyst composition. The 
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poly(4-vinylpyridine) domains of the micelle are protonated such that electrostatic interaction 
between pyridinium and metallate ions (IrCl62- and PtCl62-) are produced. The Henderson-
Hasselbach equation could be used to determine the relative amount of pyridine that would 
be protonated in a given solution of known pH.  The acidic media is 0.10 M H2SO4 with a pH 
of 1.24 giving a ratio of conjugate base to acid that is ~0.00055 which equates to less than 
one percent of the PS-b-P4VP matrix being left as unprotonated pyridine, while the rest is 
pyridinium.5  
 The H2IrCl6 and H2PtCl6 are Brönsted acids and readily ionize to form the iridate and 
platinate anions. Iridate and palatinate anions can therefore electrostatically bind to the 
pyridinium-rich regions in the block copolymer films. The mechanism for this is shown in 
Figure 16. Hydrogen bonding and ligand displacement are also possible within this regime. 
However, ligand exchange is kinetically shown to be a much slower process.6 A platinate 
metal ion loaded block copolymer film is shown in Figure 16 b. This image has a similar 
appearance to the micelle inverted AFM image (see Figure 15) yet appears to have a more 
textured topology perhaps identifying the loading of the metal ions.  
After the PS-b-P4VP film has been loaded with metal ions, a reduction step is 
employed to pyrolytically degrade the polymer template and thermally reduce the platinate 
and iridate ions to an oxidation state of zero. The oxidative degradation of the polymer is 
necessary for the reduction to occur where electrons from the polymer aid to reduce metal 
ions. An argon-purged tube furnace is used for the pyrolysis to minimize potential side 
reactions and to exclude oxygen from being present. For example, at temperatures above 
400 oC in oxygen-rich ambients iridium oxide forms and subsequent sublimation causing 
iridium content to be depleted in the process.7, 8 The thermal annealing process for this work 





Figure 16 Schematic of electrostatic interaction of and hydrogen bonding of pyridinium 
residues to PtCl62- and IrCl62- anions (a) and AFM image of platinate metal ion loaded PS1392-




3.3  PtxIr100-x Nanoparticle Characterization by Microscopy 
 Transmission electron microscopy (TEM) was performed on the nanoparticles as 
synthesized from eight compositionally tuned immersion baths for both PS-b-P4VP 
templates. It was found previously that measurements taken by AFM were unable to resolve 
individual nanoparticles due to AFM tip convolution effects (tip diameter of 8 nm). As a 
result, clusters of small nanoparticles are not easily identified as one single particle. The 
intended compositions of the particles were specified by each tailored immersion bath such 
that PtxIr100-x nanoparticle arrays are produced. The immersion baths contain (100:0, 99:1, 
98.5:1.5, 98:2, 97.5:2.5, 95:5, 90:10, 0:100) a resulting concentration of 0.010 M metal ions 
and are identified by the Pt:Ir mole to mole ratio as listed in Table 2. This table conveys an 
organized account of the diameter, periodicity (i.e. spacing between nanoparticle clusters), 
and particles per cluster for each catalyst from both polymer templates.   
Catalysts were selected for TEM analysis based on those screened for high activity 
for the formic acid oxidation reaction (see section 3.7). For TEM analysis, samples were 
prepared on silicon oxide passivated wafers (5.0 nm thick thermal oxide) as previously 
described.5 The array of nanoparticles was transferred by applying a polystyrene 
homopolymer (Mn 250,000) 10 mg/mL over-coat to the substrate. The silicon oxide top layer 
was etched away in hydrofluoric acid relieving a floating polystyrene film affixed to 
nanoparticles. The film was then captured by a formvar and carbon sputter coated TEM grid. 
The periodic organization of the particles was retained by this method as shown in the 
representative TEM images in Figure 17. Corresponding histograms of particle diameter 
taken from the respective images are included. Additional TEM images and histograms are 




Table 2 TEM measurements of eight compositionally tuned nanoparticles as synthesized 
from two polymer templates. 
 
Bath Pt:Ir mole 
ratio 
NP and Cluster 
Parameters 
PS(n)-b-P4VP(m) diblock copolymer templatea 
and TEM estimated dimensions (Std. Dev.)  
  PS1392-b-P4VP471 PS552-b-P4VP174 
100:0 
NP Diameterb 10 nm (4) 6 (3) 
NPs per Clusterc 2 (1) 7 (3) 
Periodicityd 116 nm (7) 56 nm (9) 
99:01 
NP Diameter 10 nm (4) 7 nm (2) 
NPs per Cluster 2 (1) 3 (1) 
Periodicity 118 nm (17) 63 nm (7) 
98.5:1.5 
NP Diameter 6 nm (4) 6 nm (3) 
NPs per Cluster 5 (2) 3 (1) 
Periodicity 132 nm (6) 70 nm (15) 
98:02 
NP Diameter 6 nm (2) 6 nm (3) 
NPs per Cluster 9 (3) 3 (1) 
Periodicity 155 nm (14) 65 nm (10) 
97.5:2.5 
NP Diameter 6 nm (2) 6 nm (3) 
NPs per Cluster 7 (4) 4 (2) 
Periodicity 145 nm (14) 71 nm (11) 
95:05 
NP Diameter 4 nm (1) 6 nm (2) 
NPs per Cluster 6 (3) 4 (2) 
Periodicity 144 nm (19) 74 nm (11) 
90:10 
NP Diameter 12 nm (3) 7 nm (2) 
NPs per Cluster 2 (1) 2 (1) 
Periodicity 127 nm (21) 61 nm (8) 
0:100 
NP Diameter 13 nm (5) 10 nm (4) 
NPs per Cluster n/a* n/a* 
Periodicity 123 nm (13) 66 nm (12) 
a – n and m represent average number of repeat units of the PS and P4VP blocks, 
respectively. 
b – average of 100 particles. 
c – average of 25 clusters. 
d – average of 15 clusters. 
* – continuous metal phase present in nanoring formation. 
 
 
  The images in Figure 17 reveal that clusters of nanoparticles are present in 
quasihexagonal arrays. It can be seen that the diameters range from 2 – 20 nm for PS1392-b-
P4VP471 and 2 – 15 nm for PS552-b-P4VP174 with a monomodal distribution favoring 
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nanoparticles that have a diameter of 5 nm. The ~ 5 nm average size of particles is an 
important feature that often yields an increase in catalytic activity due to the high surface 
area to volume ratio relative to bulk.9 It can also be noted that the diameter and periodicity 
measurements are within a standard deviation from each other, indicating that the particles 
have a similar rates of nucleation, reduction, as well as growth mechanisms. Previous 
studies have shown that the chemical strength of the reducing agent will affect the 
nucleation and growth rates. These rates ultimately affect the diameters and distribution of 
the populations, while the polymer template has a greater influence on the spacing of 
clusters as well as number of particles per cluster.10 It should also be noted that the Pt0Ir100 
have a different particle morphology and do not form clusters of particles, but instead form 
iridium oxide nano-rings due to the oxophilic nature of the iridium. These images are also 
included in Appendix II. 
An interesting observation is the ability for the polymer template to specify the 
periodicity of nanoparticle clusters and the number of nanoparticles (NPs) per cluster. This 
resulting morphology can be attributed to the block copolymer templates. The PS1392-b-
P4VP471 template gives rise to larger gaps between particle clusters in contrast to the PS552-
b-P4VP174 template, which has smaller gaps and more frequent particle clusters. In addition, 
the larger template has is more numerous in the number of NPs per cluster. It is reasonable 
to also consider that because the smaller template has more periodically occurring 





Figure 17 TEM images of particles synthesized from the 98.5:1.5 Pt:Ir mole bath ratio from 
PS1392-b-P4VP471 (a) and PS552-b-P4VP174 (b). The particle diameter and number of NPs per 
cluster histograms are shown below the corresponding images in (c – d) and (e – f) 
respectively. Images were both taken at a magnification of 35 kX. 
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  High angle annular dark field imaging (HAADF) with elemental mapping by energy 
dispersive x-ray spectroscopy (EDS) was acquired on several catalysts of interest. The 
demonstrative images are shown for a molar bath ratio of 98.5:1.5 Pt:Ir. Figure 18 a – c for 
PS1392-b-P4VP471 and Figure 18 d – f for PS552-b-P4VP174. Valuable compositional and 
morphological data of particle clusters were obtained by this technique. Elemental mapping 
was used to locate platinum and iridium within clusters. The L α transition for atom-specific 
Pt and Ir x-rays were used due to minimal emission overlap in the spectral plots. When the 
total image area was quantified for Figure 18 a – c, a ratio of Pt62Ir38 was found. This was 
close in composition to the smaller template in Figure 18 d – f which resulted in Pt69Ir31.  
High resolution images show a more detailed account of elemental mapping as 
represented by Figures 19 a – e, for clusters of nanoparticles created from the PS1492-b-
P4VP471 template and the 98:2 loading bath. Figure 19 b – c show the elemental maps of 
platinum and iridium. The platinum and iridium appear to be evenly located throughout when 
a single cluster is selected for quantification. When sampling the background, almost no  
platinum or iridium is found. The EDS-determined elemental ratio of Pt to Ir for a cluster area 
(shown in Figures 19 e) is Pt62Ir38 which is similar to that of an adjacent cluster, which was 
found to be Pt63Ir37. These data give strong evidence that particle clusters are in similar 





Figure 18 HAADF TEM image of an array of clusters of nanoparticles created from the 
PS1392-b-P4VP471 and the 98.5:1.5 loading bath (a) and the matching elemental map for 
platinum and iridium respectively (b – c) at 110 kX magnification. HAADF TEM image of an 
array of clusters of nanoparticles created from PS552-b-P4VP174 and 98.5:1.5 loading bath 

















   
Figure 19 TEM-EDS results for two clusters from the bath mole ratio of 98:2 Pt:Ir catalyst 
synthesized from PS1392-b-P4VP471 displaying the HAADF image (a) elemental map for 
platinum (b) elemental map for iridium (c) and the Bremsstrahlung corrected background 
subtracted EDS spectrum for the L α transition for both platinum and iridium signals (d) and 
the region for quantification is shown (e). 
 
3.4 X-ray Photoelectron Spectroscopy 
 X-ray photoelectron spectroscopy (XPS) was carried out on all catalysts to determine 
the oxidation state as well as the relative platinum (Pt) to iridium (Ir) content. The 4f core 
electron region was specifically studied since both signals from platinum and iridium are 
within close proximity. Figure 20 depicts the XPS spectra for PtxIr100-x particles synthesized 
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from the PS1392-b-P4VP471. A Shirley background subtraction was used for determination of 
peak area as necessary for quantification. These data also include a charge correction for 
the C 1s peak referenced at 284.6 eV.11 From curve (a) the two peaks of the Pt 4f5/2 and 4f7/2 
core electrons and the binding energy difference (ΔE = 3.2 eV) were found at 73.62 eV and 
70.43 eV, respectively. The binding energy of the 4f5/2 and 4f7/2 peaks indicate metallic 
 
Figure 20 XPS spectra of catalysts made from PS1392-b-P4VP471 with eight immersion baths 
used for the study. The monometallic Pt spectrum is shown at the bottom by curve (a) with 
decreasing Pt content until monometallic Ir in curve (h). The Pt and Ir 4f5/2 and 4f7/2 peaks 





Pt 0.12, 13 The Ir signal was observed to be 62.98 eV and 60.03 eV for Ir 0 from curve (h). 
These have been reported as typical values for metallic Ir 0.14  
For the alloy of PtxIr100-x the core electrons of 4f5/2 and 4f7/2 were found between 
73.98 – 73.73 eV and 70.42 – 70.82 eV for curves (b) thru (g). The binding energy for the Pt 
4f7/2 orbital is typically reported at 71.4 eV.15 Therefore, the apparent shift to a lower binding 
energy for the Pt 4f7/2 peak at 70.3 eV can be attributed to charge transfer from the indium 
tin oxide (ITO) substrates after thermally annealing.16, 17  A slight shift to a higher binding 
energy of 0.4 eV was revealed as the addition of Ir was introduced into the particles and is  
 
Figure 21 XPS spectra of Pt 4f5/2 and 4f7/2 with exact binding energies expressed (a) binding 




demonstrated in Figure 21 a. The binding energy of the Pt 4f7/2 core electron versus the 
relative Pt content is tracked and plotted in Figure 21 b. The observed gradual shift to the 
positive direction for the binding energies of Pt 4f electrons have been demonstrated for  
nanostructured Pt-Ir alloys.18, 19 The apparent shift in binding energies for the Pt 4f7/2 core 
electrons can be ascribed to the atomic-charge transfer in the alloy which is due to a 
difference in the work function of the two metals that can be explained by the formation of 
iridium oxide.15, 19, 20 This suggests electron transfer from Pt to Ir and can be related to the 
electronic interaction between the two metals that exist in an alloy phase. The relative 
particle composition of Pt and Ir were determined from XPS data and are expressed in 
Table 3. Additional plots of XPS composition versus bath for PS1392-b-P4VP471 and PS552-b-
P4VP174 can be found in Appendix II. 
 
Table 3 Particle composition as determined by XPS 
 
Bath Pt:Ir mole 
ratio 
PS(n)-b-P4VP(m) diblock copolymer templatea 
and % Pt by XPS  
 PS1392-b-P4VP471 PS552-b-P4VP174 
100:0 100 100 
99:01 94 93 
98.5:1.5 93 91 
98:02 85 88 
97.5:2.5 78 80 
95:05 68 79 
90:10 50 55 
0:100 0 0 





3.5 Inductively Coupled Plasma Mass Spectrometry for a Quantitative Analysis of 
PtxIr100-x Catalysts 
The determination of mass of catalyst per unit area is a highly sought after metric 
that can be used to effectively assess and convey catalytic performance. Inductively coupled 
plasma mass spectrometry (ICP-MS) was used to quantitatively determine the mass of Pt 
and Ir on the surface per unit area of the electrode. The internal standards closest in mass 
units to the isotopes of interest (Pt195 and Ir193) were used to normalize counts of analytes to 
account for noise as well as variability in volume uptake. For the most abundant isotopes of 
 
Figure 22 ICP-MS data for eight compositionally tuned catalysts synthesized from PS1392-b-
P4VP471. The 95% confidence interval for the Pt80Ir20 composition by XPS sample was 





Pt195 and Ir193, counts of the internal standard, Bi209, were closely monitored for quantification 
for all calibration standards as well as for samples. Samples were prepared on ITO coated 
glass with an area defined in order to target counts of Pt195 within the limits of quantification 
(LOQ) by estimation from TEM data. Experimentally, it was found that Pt193 was within the 
LOQ. Figure 22 shows the plot of Pt and Ir in ng cm-2 versus composition by XPS for PS1392-
b-P4VP471. These data are of interest for assessing catalytic current per mass unit of Pt, 
which is further discussed in the following sections. 
 
3.6 Cyclic Voltammetry 
Potentiodynamic electrochemical measurements were carried out using cyclic 
voltammetry (CV) on all catalysts for the formic acid oxidation reaction. In order to properly 
assess the catalytic performance of each PtxIr100-x catalyst, steady state conditions had to be 
achieved such that the waveforms produced from a particular catalyst appeared constant 
from cycle to cycle. This indicates that the catalyst surface is no longer evolving its structure. 
Therefore, the necessary number of cycles needed for each catalyst was determined to be 
25 in total and the potential was swept between -0.25 and 1.30 V.  
The utility of this surface sensitive technique can give insights into the presence of 
intermediates in the redox reaction, reaction kinetics, the reversibility and mechanism of a 
reaction and the surface composition of the catalyst. The series of voltammograms are 
shown for the PtxIr100-x catalysts synthesized from the PS1392-b-P4VP471 polymer template in 
Figure 23. The first cycle is shown by the black trace for all voltammograms where the 
subsequent 10 cycles show a distinct decrease in current density. The catalysts were 
mounted on ITO electrodes (see section 2.3.5) with a known area and measurements were 





Figure 23 Cyclic voltammograms of seven catalysts over 25 cycles synthesized from PS1392-
b-P4VP471 are shown where PtxIr100-x denotes the XPS-estimated composition. The first scan 
is the black trace and the following scans decrease in current density especially for the first 
10 cycles. Measurements were carried out in an aqueous electrolyte composed of 0.10 M 
HCOOH in 0.10 M H2SO4 at 25 oC. All catalysts were mounted on ITO electrodes. Pt0Ir100 
was excluded from the series due to no activity for formic acid oxidation. Voltages are 




Plots tracking peaks of interest over 25 cycles were generated to confidently 
determine the discussed steady-state condition. Meaning that changes with respect to the 
three-phase boundary are no longer observable from cycle to cycle. If these conditions are 
achieved then the magnitude of the peaks on the anodic and cathodic sweep should be 
relatively consistent from cycle to cycle. The plots in Figure 24 show the current density of 
the first anodic peak from the PS1392-b-P4VP471 series of PtxIr100-x catalysts against each 
consecutive cycle number, all others can be found in Appendix II. The decrease in current 
density may be attributed to an apparent decrease in the area or volume of diffusion layer at 
the electrode.21 
 
Figure 24 Current of the first anodic peak normalized to apparent surface area versus cycle 
number. PtxIr100-x denotes XPS-estimated composition.  
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3.7 Formic Acid Oxidation 
 The decomposition of formic acid by oxidation is the essential reaction at the surface 
of the anodic catalyst for direct formic acid fuel cells (DFAFCs). The mechanism of formic 
acid oxidation must first be considered to fully understand this electrochemical process. The 
well-established, so-called dual pathway for formic acid oxidation can occur via 
dehydrogenation and/or dehydration mechanisms that are outlined in Figure 25.22 
Dehydrogenation is the more preferred reaction due to the lack of the poisonous surface 
adsorbed CO intermediate, which would have to undergo further oxidation to CO2 in order to 
complete the desired reaction. Formic acid oxidation has been reported to occur on a pure 
Pt surface at potentials between 0.2 – 0.7 V and has a tendency to accumulate COads as  
 
Figure 25 The proposed reaction pathways for formic acid oxidation by dehydrogenation (1) 
and dehydration (2). 
 
potential increases.23 The propensity of Pt anodic catalysts to become poisoned with 
carbonaceous impurities is a substantial drawback and a subject of technological 
importance and research. The removal of COads can be promoted by alloying Pt with a 
second metal such as Ir. Ir and Ir oxide anodic catalysts have shown successful oxidation of 
small organic molecules.24, 25 The selection of iridium stems back to the property of favorably 
binding oxygen species at low potentials.26 Consequently, this reaction mechanism is 




Figure 26 Reaction scheme for formic acid oxidation displaying the potential routes of 
reaction: incomplete oxidation to surface adsorbed CO through dehydration (1) bridged 
formate pathway by dehydrogenation (2) and simple direct dehydrogenation (3).27-29 
 
Three mechanistic scenarios for formic acid oxidation have been suggested and are 
depicted in Figure 26. The first scenario shows the reaction proceeding through the COads 
intermediate by dehydration. M1-CO (where M is the metal) must combine with an adjacent 
site of a second metal (M2) that has been activated by a hydroxyl and subsequent hydrate 
formation. Therefore, M2 must desirably bind water species in order for COads to become 
fully oxidized. Otherwise, irreversible COads binding could poison Pt active sites. The second 
pathway is known as the “bridged formate route” where dehydrogenation takes place to give 
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CO2.30, 31 This route was established based on electrochemical in-situ IR measurements and 
is considered to be the dominant direct route. The third pathway is described as a simple 
direct dehydrogenation pathway and is not as well understood. In all cases, 2e- and 2H+ are 
produced for every molecule of formic acid.  
3.7.1 Metric for Assessment  
 A typical formic acid (HCOOH) oxidation cyclic voltammogram (CV) acquired from a 
standard 3-electrode set-up is shown in Figure 27. The forward anodic sweep exhibits three 
positive peaks and a single large positive peak on the cathodic sweep that occurs at 
approximately the same potential as the first anodic peak.13, 32-34 The peaks of interest for 
this study are denoted as I1, I1b, I2, and I3 for identification. An explanation for each peak will 
be discussed in detail for one complete cycle.  
 The origin of the first (I1) and second (I1b) anodic peaks 0.3 – 0.5 V and 0.6 -0.8 V 
has been postulated by Breiter et al. and is now more widely accepted that I1 is due to 
oxidation of HCOOH to CO2 by dehydrogenation and I1b is due to oxidation of COads that 
arose from the dissociation of HCOOH at low potentials as well as HCOOH after COads 
removal.13, 34-37 As potential is ramped beyond 0.8 V all HCOOH oxidation has ceased and a 
third anodic peak (I2) occurs in the range of 1.2 – 1.4 V.37 This can be inferred due to 
observance that there is very little difference in the currents between HCOOH and base 
electrolytes at ~ 0.9 V. Therefore the I2 peak is a result of Pt oxide (Pt-O) formation and 
perhaps a non-catalytic interaction of HCOOH in the diffusion layer with the activated Pt-O 
layer as described by Capron and Parsons et al.37, 38  
On the reverse cathodic sweep, the absence of activity can be explained due to this 
strongly bound oxide species. The irreversibility of this oxide formation can be attributed by 
the lack of an oxidation current until the potential reaches the oxide reduction region 
(coincident with the anodic current that arises from re-initiated formic acid oxidation). 
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Oxidation then launches on the freshly reduced surface and the large positive anodic peak 
on the reverse sweep (I3) is observed between 0.4 – 0.2 V.37 Cathodic current peaks are not 
observed on the reverse sweep because the reduction of surface bound oxides is conducted 
by formic acid in the diffusion layer which acts as a local reducing agent. With this 
comprehensive description of catalytic activity, the determination of performance will be 
monitored primarily on account of the I1 peak current density  
 
Figure 27 The typical formic acid oxidation cyclic voltammogram of the forward and reverse 




3.7.2 Results and Discussion of Electrocatalysis Using Block Copolymer Templated 
PtxIr100-x Nanoparticles 
 The last five cycles of steady state cyclic voltammograms (CV) for formic acid 
oxidation are shown in Figure 28 with varying composition of PtxIr100-x indicated by XPS. The 
CVs for all other tested catalysts are located in Appendix II. The plots display a trend  
 
Figure 28 Steady-state cyclic voltammograms of catalysts synthesized from seven 
immersion baths by the PS1392-b-P4VP471 polymer template are shown where PtxIr100-x is 
denotes XPS-estimated composition. Pt0Ir100 was excluded from the series due to no activity 




of increasing current density for the first anodic peak (I1) and a slight increase in the second 
anodic peak (I1b) as the Pt content is lowered. Enlarged CVs showing only the I1 and I1b are 
shown in Figure 29 so that these peaks can be more easily seen. This indicates that the 
direct oxidation pathway is more frequent and when COads becomes present the oxidation 
 
Figure 29 Cyclic voltammograms of PtxIr100-x catalyst synthesized from PS1392-b-P4VP471 
where only the forward sweep between 0.0 – 1.0 V for the last cycle out of 25 cycles is 





of this intermediate does in fact occur. This enhancement can be rationalized by the ability 
of surface exposed Ir to favor the bifunctional mechanism of the “bridged formate route” due 
to its propensity to bind oxygen.  
When the third anodic peak (I2) and the reverse anodic peak (I3) are evaluated, 
(formation of surface oxides and the oxidation of HCOOH after reduction of surface oxides) 
the current densities are much more substantial than for the Pt only catalyst. This may be 
due to a greater formation of surface oxides due to a greater presence of Ir. By default this 
would allow more of the surface area to be reduced and effectively prepared for formic acid 
oxidation. The trend in current densities for I3 was observed to be highly dependent on the 
third anodic peak in the forward sweep (I2) which elucidated the mechanistic dependence 
that has been postulated to exist.   
The steady state values for peaks I1, I1b, I2, and I3 from the last cycle are displayed in 
Table 4. The I1b was not present for all PtxIr100-x catalysts on the last cycle. This may indicate 
that COads is not being oxidized from surface active sites. Hence, it is only absent from 
PtxIr100-x catalysts with lower current densities from the PS552-b-P4VP174 series. The values in 
the table are normalized to the measured surface area of the electrode. From the table of 
raw current density values, it is apparent that all PtxIr100-x catalysts for the PS1392-b-P4VP471 
template out preform the pure Pt analogues and especially as more Ir is incorporated into 
the particles. The optimal PtxIr100-x for I1 peak is Pt78Ir22. However, the PS552-b-P4VP174 
derived PtxIr100-x reach an optimal composition at Pt88Ir12 for the same I1 peak. An optimal 
composition has been reported by other groups to be Pt50Ir50.13, 34 This particular catalyst of 






Table 4 Forward and reverse peak current values are normalized to surface area. 
 
Identified Peak 
PS(n)-b-P4VP(m) diblock copolymer templatea  
composition PtxIr100-x and current densities (µA cm2-) 
measured from CVs  
 PS1392-b-P4VP471 PS552-b-P4VP174 
 Pt100Ir0 Pt100Ir0 
I1 (µ/cm2) 0.39 0.53 
I1b (µ/cm2) 0.21 n/a* 
I2 (µ/cm2) 1.67 2.15 
I3 (µ/cm2) 0.59 0.55 
 Pt94Ir6 Pt93Ir7 
I1 (µ/cm2) 0.67 0.64 
I1b (µ/cm2) 0.44 n/a* 
I2 (µ/cm2) 2.16 1.83 
I3 (µ/cm2) 1.89 0.73 
 Pt93Ir7 Pt91Ir9 
I1 (µ/cm2) 0.82 0.85 
I1b (µ/cm2) 1.37 0.36 
I2 (µ/cm2) 3.16 2.94 
I3 (µ/cm2) 2.4 1.45 
 Pt85Ir15 Pt88Ir12 
I1 (µ/cm2) 0.65 0.91 
I1b (µ/cm2) 0.81 0.41 
I2 (µ/cm2) 1.88 3.10 
I3 (µ/cm2) 1.33 2.15 
 Pt78Ir22 Pt80Ir20 
I1 (µ/cm2) 0.82 0.75 
I1b (µ/cm2) 0.35 0.46 
I2 (µ/cm2) 1.94 3.67 
I3 (µ/cm2) 1.50 2.37 
 Pt68Ir32 Pt79Ir21 
I1 (µ/cm2) 0.57 0.63 
I1b (µ/cm2) 1.05 n/a* 
I2 (µ/cm2) 2.10 1.88 
I3 (µ/cm2) 1.63 1.10 
 Pt50Ir50 Pt55Ir45 
I1 (µ/cm2) 0.46 0.61 
I1b (µ/cm2) 0.40 0.29 
I2 (µ/cm2) 1.29 1.70 
I3 (µ/cm2) 0.90 0.75 
a - n and m represent the average number of repeat units, respectively. 
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x - approximation of the fraction of platinum and iridium in particles by XPS. 
* – indicates I1b not being present in the last cycle. 
 
 
Figure 30 Plot of the mass activity of I1 current of the 25th cycle versus % composition of Pt 
by XPS from PtxIr100-x catalysts from the PS1392-b-P4VP471 template.  
 
 The I1 peak of interest was normalized to the total mass of Pt (in g per cm2) found by 
ICP-MS. The mass activity values are an important metric that bring together catalytic 
performance and catalyst cost. This is represented by the data plot in Figure 30 for the 
PS1392-b-P4VP471 synthesized series. An increase in Pt mass-normalized current density is 
observed as Ir content is increased. A dramatic increase is observed once Ir is present and 
continues to increase until a plateau at an estimated composition of Pt70Ir30. The same 
metric was evaluated for the PtxIr100-x catalysts from the PS552-b-P4VP174 and is shown in 
Figure 31. The same trend where a slight increase in Ir content causes a significant 
increases in the catalytic performance for the dehydrogenation reaction of formic acid. A 
definitive optimum is reached at a composition of Pt80Ir20 estimated by XPS and a striking 
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increase in mass activity of roughly 50% is demonstrated by the PS552-b-P4VP174 in 
comparison to the catalysts from PS1392-b-P4VP471. A notable difference between the two 
series of catalysts is in the surface morphology of the catalysts specifically in terms of 
periodicity and number of particles per cluster. The number of particles per cluster gives 
indication to the amount of closely spaced particles, or interparticle gaps and perhaps an 
optimal cluster size based on this metric. Another morphological difference to note is the 
periodicity, or spacing between the islands of clusters where the PS552-b-P4VP174 catalysts 
have more frequent clusters per unit area.  
 
Figure 31 Plot of the mass activity of the I1 current from the 25th cycle versus % composition 
of Pt by XPS from PtxIr100-x catalysts from the PS552-b-P4VP174 template. 
 
 Overall, the above measurements show that the electrocatalytic activity for PtxIr100-x 
nanoparticle catalysts vary significantly with composition. This can be interpreted based on 
the bifunctional mechanism for formic acid oxidation.39-42 It is generally accepted that the 
second metal in Pt-based alloys should have a promotional effect on the removal of CO 
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often by the formation of hydroxyl groups adsorbed to the surface. This improved catalytic 
activity in addition to pure Ir being less than a third of the cost when compared to pure Pt, 
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4.  Synthesis and Characterization of Au-NP Colloids 
 This next piece of work focuses on the synthesis of colloidal frameworks that contain 
poly(2-vinylpyridine). Once again, the presence of the vinyl pyridine moiety allows for 
metallic nanostructures to be subsequently synthesize by a similar mechanism as discussed 
in the previous section. The theme of interparticle spacing, also mentioned in the block 
copolymer template methods, is continued by way of cross-link density within these 
polymeric structures. The morphology of these nanocomposite structures are examined in 
the following sections. 
4.1 Synthesis of Poly(2-vinylpyridine) Containing Colloids 
The emulsion copolymerization of 2-vinylpyridine (2VP) was carried out in the 
presence of a divinylbenzene (DVB) cross-linker, styrene monomer, a cationic surfactant 
(Aliquat 336), and a hydrophilic macromonomer stabilizer, polyethylene glycol methacrylate 
(PEGMA). An azodiisobutyramidine dihydrochloride (AIBA) initiator was used in the process. 
The schematic of the colloidal synthesis is shown in Figure 32. 
 
Figure 32 Colloidal synthesis schematic of polystyrene-poly(2-vinylpyridine) lightly cross-
linked with divinylbenzene.  
 
 Prior to the start of polymerization all monomers were treated with basic alumina 
oxide to remove inhibitor using Schlenck conditions and stored in a nitrogen purged flask at 
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– 18 oC for up to two weeks before use. The intended ratios of monomers were codissolved 
prior and only transferred to the reaction flask once stabilizer and surfactant were present in 
excess quantities relative to the amount of monomers.   
Both PEGMA and Aliquat 336 were added to the reaction flask and dissolved in an 
aqueous phase prior to the addition of co-dissolved monomers. The surfactant, Aliquat 336, 
consists of a quaternary ammonium chloride salt with C8 and C10 chains that acts to lower 
surface tension by producing emulsified droplets of monomers in the aqueous phase that 
will form micelles. The pre-dissolved AIBA radical initiator is rapidly added only after the 
contents of the flask has reached 60 oC. Typically polymerization is initiated and micelle 
nucleation occurs as a primary reason due to a greater surface area relative to emulsified 
monomer droplets in addition to entropic reasons.1 The PEGMA likely resides at the 
interface between micelle and aqueous phase where some degree of grafting takes place 
acting to further stabilize the resulting colloid.  
Purification to remove any ungrafted PEGMA, excess surfactant and residual 
monomers was performed by centrifugation followed by careful decanting of the supernatant 
and redispersion of the colloids. The conditions set forth were able to afford a nearly 
monomodal, sterically stabilized dispersion with approximately 7 – 10% solid polymer. The 
steric stabilization inhibits coagulation of the colloidal suspension and promotes suspension 
even at high concentrations. This is mainly owed to the surface grafted PEGMA stabilizer. 
Multiple synthetic trials were carried out to study the effect on mean diameter, cross-linking 
density, extent of swellability, and the close packing of colloids upon self-assembly. This 
was conducted by varying the relative amounts of 2VP, styrene, DVB, initiator, as well as 
surfactant and stabilizer. The synthesis protocol proved to be highly robust due to simple 
equipment used and set-ups not being overly complicated. 
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A testament to the vigor of the synthesis was demonstrated by its incorporation into a 
classroom setting through the Introduction to Polymer Chemistry course lab offered at 
Western Washington University. Students were introduced to themes regarding the 
mechanism of pH sensitivity in microgels and where particle diameters were monitored by 
dynamic light scattering (DLS). In addition, photonic assemblies were also observed by 
students and qualitatively characterized by scanning electron microscopy (SEM). A variety 
of samples were synthesized and are recorded in Table 5. 
 
Table 5 Experimental parameters for the various colloidal syntheses.  
Trial Synthetic Details (mmol) 
 (PSx-r-P2VPy-r-
PDVBz)a 





0 50 0.50 
 
0.11 0.70 1.5 
2 PS0-r-P2VP50-r-
PDVB0.30 
0 50 0.30 
 
0.29 1.2 2.4 
3 PS0-r-P2VP30-r-
PDVB0.50 
0 30 0.50 0.11 0.70 1.5 
4 * PS0-r-P2VP50-r-
PDVB0.30 
0 50 0.30 0.18 0.70 2.2 
5 * PS0-r-P2VP50-r-
PDVB0.20 
0 50 0.20 0.18 0.70 2.2 
6 * PS0-r-P2VP50-r-
PDVB0.15 
0 50 0.15 0.18 0.70 2.2 
7 * PS10-r-P2VP40-r-
PDVB0.30 
10 40 0.30 0.18 0.70 2.2 
8 * PS10-r-P2VP40-r-
PDVB0.20 
10 40 0.20 0.18 0.70 2.2 
9 * PS10-r-P2VP40-r-
PDVB0.15 
10 40 0.15 0.18 0.70 2.2 
10 * PS20-r-P2VP30-r-
PDVB0.30 
20 30 0.30 0.18 0.70 2.2 
11 PS20 -r-P2VP30-r-
PDVB0.20 
20 30 0.20 0.18 0.70 2.2 
12 * PS20-r-P2VP30-r-
PDVB0.15 
20 30 0.15 0.18 0.70 2.2 
14 * PS30-r-P2VP20-r-
PDVB0.30 





30 20 0.20 0.18 0.70 2.2 
16 * PS30-r-P2VP20-r-
PDVB0.15 
30 20 0.15 0.18 0.70 2.2 
17 PS50-r-P2VP0-r-
PDVB0.20 
50 0 0.20 0.18 0.70 2.2 
* – Indicates a trial produced by the Introduction to Polymer Chemistry course. 
a – x, y, and z indicate the number of mmols used for each monomer. 
 
Table 5 shows the extent of incorporating the styrene monomer into the colloid as 
well as varying the amount of divinylbenzene cross-linker, which resulted in a random 
copolymer of polystyrenex -r-poly(2-vinylpyridine)y -r-PDVBz (PSx-r-P2VPy-r-PDVBz,  where x, 
y, and z represent the relative number of millimoles of styrene, 2VP, and DVB, respectively) 
and all other synthetic parameters such as stabilizer, surfactant, and initiator content were 
kept constant. Among each set (4 – 6, 7 – 9, 10 – 12, and 14 – 16) the styrene and 2VP 
content were kept constant and the DVB was varied to the same extent within each sample 
set. For the purposes of studying styrene to 2VP content, a representative colloid containing 
0.20 mmol DVB were selected (PSx-r-P2VPy-r-PDVB0.20) and studied from each set. It is 
understood that the transfer of monomer from the emulsion droplets through the aqueous 
phase and to the intended sites of initiation within the micelles is efficient under stirring at 60 
oC for 24 h.2 The diffusion of these monomers to the micelles is adequate so it can be 
inferred that very little unreacted monomer is produced and that the ratios set forth in the 
synthetic design are retained in the final colloidal material.3 
 
4.2 Thermogravimetric Analysis Infrared Spectroscopy  
Thermogravimetric analysis infrared spectroscopy (TGA-IR) was used to study the 
thermal behavior and degradation of the PSx-r-P2VPy-r-PDVBz colloids as well as to identify 
the 2-vinylpyridine and styrene functional groups present. The TGA-IR program that was 
used for all samples is schematically shown in Figure 33 The TGA program began with a 
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ramp rate of 20 oC/min until 100 oC was reached followed by an internal drying event 
(isotherm at 100 oC for 10 min). Once the drying event was complete, the IR analysis 
 
Figure 33 TGA program showing temperature versus time. All ramp rates were set to 20 
oC/min. The green trace indicates where the IR analysis takes place. 
 
 
commenced, indicated by the green trace and a 5 min isotherm at 100 oC. The ramp rate 
then continued at 20 oC/min until 800 oC was reached. A final isotherm for 5 min at 800 oC 
concluded the end of the TGA-IR programmed method. Additional TGA curves are included 
in Appendix III. Figure 34 shows the TGA curve shown with the method for evaluating the 
thermal degradation temperature (Td) represented by the red dotted tangent lines. The point 
of intersection between lines tangent to the two branches of the curve dictate the 
assignment of Td. The gases that evolved from the heated sample were then transferred to 
an IR gas cell and gas phase spectra were acquired every 13.58 s for a total of 200 spectra 






Figure 34 TGA curve in nitrogen at a heating rate of 20 oC/min of the PS0.60-r-P2VP0.40-r-
PDVB0.20 colloids. 
 
 The three-dimensional IR plot for the above TGA curve is shown in Figure 35 a. 
Time versus frequency in wavenumbers is plotted against the intensity of the absorbance 
and is indicated by the colorimetric scale bar. The major mass loss event occurs at the 
particular time of 23.5 min into the run which corresponds to a temperature of 478 oC. The 
IR spectrum is shown in Figure 35 b where two absorbance bands of interest are present, 
1585 and 1635 cm-1. The peak at 1585 cm-1 and 1635 cm-1 have been assigned to the gas 
phase 2-vinylpyridine and styrene moiety respectively. The ethenyl benzene gas phase 
spectrum was used as a reference, and shows a peak at 1635 cm-1 that appears as a 
shoulder on the PS0.60 -r-P2VP0.40 -r-PDVB0.20 IR spectrum in Figure 35 b. The 1585 cm-1 
signal is referenced from gas phase pyridine and consideration of the condensed phase 4-
vinylpyridine. Ethenyl 2-vinylpyridine was not found in the database. These reference 
80 
 
spectra are included in Appendix III (Assigned from the National Institute of Standards and 
Technology).4 The 1635 cm-1 peak was not found in the 2-vinylpyridine IR spectrum and can 
be attributed to the skeletal vibrations that arise from the symmetry that is characteristic of 
the benzene ring and can be assigned to styrene as such.5 The 1585 cm-1 peak is indicative   
 
Figure 35 Three-dimensional IR plot of PS0.60-r-P2VP0.40-r-PDVB0.20 showing time versus 
frequency in cm-1 plotted against the intensity of absorbance (a) and the IR spectrum of the 
major mass loss event taken at a particular time and temperature where the styrene at 1635 
cm-1 and 2-vinylpyridine at 1585 cm-1 peaks are shown. 
 
of the heterocyclic N-H bending.5 Tracking absorbance at these wavenumber values allows 
for the ability to qualitatively track the PS and P2VP signal produced from the monomer 
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content in the syntheses. For instance, the intensity of the signal for styrene in PS0.20-r-
P2VP0.40-r-PDVB0.20 should be lower relative to 2-vinylpyridine signal. In addition, the 
temperature versus signal dependence demonstrates the stability of the chemical 
environment.  
 
4.3 Swellability and Effects on Diameter 
In trials 1 – 6 colloids containing only poly(2-vinylpyridine) and DVB cross-linker were 
studied. Varying the wt. % of initiator relative to the 2VP monomer and DVB cross-linker was 
implemented. As expected, decreasing the amount of initiator gave rise to higher molecular 
weight colloids and consequently a larger mean diameter due to less micellar nucleation 
sites.6 In emulsion polymerizations micelles composed of monomer are stabilized by excess 
surfactant where typically only one radical initiator per micelle is located causing the 
polydispersity of the latex to be low, or close to one.1 The differential volume distribution of 
colloidal samples was characterized by dynamic light scattering (DLS) at neutral pH ~ 6 – 7. 
Analysis by scanning electron microscopy (SEM) was performed to assess morphology as 
well as a measurement for the dry diameter. The data is shown in Figure 36. The modal 
diameter at the peak of the differential distribution is 880 nm and is expected to be larger 
than that of the mean taken by SEM due to the solvent exclusion and collapse of colloidal 
volume in the high vacuum conditions of the SEM instrument. The particle size distribution 
population is nearly monodisperse with a narrow polydispersity index (PD) of 0.073. This is 
defined by the distribution peak as PD = (width/mean)^2. A PD index that is less than 0.10 is 





Figure 36 DLS data of PDI and the hydrodynamic volume distribution mean of Trial 2 with a 
ratio of PS0-r-P2VP50-r-PDVB0.30.The inset is an image of the corresponding colloids by SEM 
for comparison. 
 
The pH-response properties of P2VP colloids were qualitatively studied by evaluating 
the swelling ratio defined as Vt/V0, where V0 is the diameter at pH 2 and Vt is the diameter at 
various pH units. Colloids were acid-treated with filtered (pore size = 0.45 µm) dilute HCl 
until a pH of 2 was reached ensuring that flocculation had not occurred. Measurements were 
taken by DLS as filtered dilute NaOH (0.10 M) was added. A working range between pH 2 – 
8 was observed where a pH greater than 8 caused flocculation making DLS measurements 




Figure 37 Titration curve generated by DLS of Trial 3, PS0-r-P2VP50-r-PDVB0.30. Vt is the 
volume mean distribution at a particular pH as 0.10 M NaOH is added and V0 is volume 
mean distribution at pH 2 after addition of 0.10 M HCl. The shaded region indicates 
observed flocculation. 
 
three times the diameter under low pH conditions. A critical transition is reached at pH 4 – 5 
indicating that the pKa of the microgel is significantly less than that of the homopolymer (3.5 
– 4.5 pKa) determined by acid titration.8 An interpretation of this is the high degree of 
protonation that must be required to induce swelling in comparison to the linear P2VP 
homopolymer. This suggests that the apparent shift in the pKa is due to the highly cross-
linked structure.6 The structure and mechanism of this process for PSx-r-P2VPy-r-PDVBz 
colloids is shown in Figure 38. The extent of this swellability can be tuned by addition of the 
styrene monomer where the benzene pendant groups control hydration levels and act as a 




Figure 38 Acid-base chemistry of PSx-r-P2VPy-r-PDVBz colloids. 
 
 Trials 5, 8, 11, and 15 from Table 4.1 contain four molar ratios of polystyrene to 
P2VP PS0-r-P2VP50-r-PDVB0.20, PS10-r-P2VP40-r-PDVB0.20, PS20-r-P2VP30-r-PDVB0.20, and 
PS30-r-P2VP20-r-PDVB0.20, where DVB monomer is kept constant. DLS measurements were 
taken for all samples at neutral pH ~ 6 and at low pH 2 and is tabulated in Appendix III. The 
extent of swellability was effected by the addition of the hydrophobic styrene monomer. The 
data for this study is shown in Figure 39 for each ratio of PSx-r-P2VPy-r-PDVBz for trials 5, 
8, 11, and 15. The PDI index was less than 0.2 for all data in the plot. The colloids show a 
dramatic decrease in swellability if some amount of styrene is present in a molar ratio of 
20:80 or greater, however it is not until 60:40 does the magnitude of swellability show 




Figure 39 Extent of swellability by DLS. Data points show the mean modal volume 
distributions taken from a sample set of 35 cummulants at pH 6 and after addition of 0.10 M 
HCl for a pH of 2 for each ratio of PSx-r-P2VPy-r-PDVBz. Error bars show the 95% 
confidence interval. The PD for all data points is less than 0.2. 
 
4.4 Morphology of Self-assembled Colloids 
Given the mono-modal distribution of these spheres, it is reasonable to believe that a 
photonic assembly can be achieved. Several fabrication techniques for assembly were 
attempted on colloids containing that did not contain polystyrene (trials 1, 2, and 3).9 Optical 
photonic band gaps were not detectable by UV/vis reflectance spectroscopy. When these 




Figure 40 SEM images of PS0-r-P2VP50-r-PDVB0.30 shown in (a) and (b) with a scale bar of 
10 µm and 1 µm, respectively. 
 
apparent. The sample in Figure 40 was prepared by a slow evaporation mounted on glass 
and transferred to conductive carbon tape at ambient temperatures. The fusing of colloids 
and resulting lack of interstitial space causes the material to have no photonic activity. The 
void space is necessary because a variable refractive index is required for the formation of 
photonic assemblies.  
The addition of hydrophobic styrene residues into the polymer network caused the 
colloidal spheres to be less water soluble and provided better steric stabilization, which 
afforded a more hard packed spherical morphology with an increase in void space. Highly 





Figure 41 SEM images of PS0-r-P2VP50-r-PDVB0.30 (a) PS10-r-P2VP40-r-PDVB0.20 (b) PS20-r-
P2VP30-r-PDVB0.20 (c) and PS30-r-P2VP20-r-PDVB0.20 (d). The average diameter measured 
from the colloid by SEM is shown in the upper right corner of each image. 
 
vinylpyridine) content likely caused a decrease in the highly charged double layer. This is 
demonstrated by the SEM images in Figure 41 a. Figure 41 a shows almost no void space 
in the (111) face centered cubic (FCC) plane. Figures 41 b - d shows an increase in the 
void space as the colloids take on a more spherical morphology. The measured dry 
diameter by SEM is represented in the upper right corner. All of which are quite similar due 
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to equivalent amounts of the AIBA initiator being present at the time of synthesis. The self-
assembly of these spherical particles into homogenous crystalline arrays can be visualized. 
For the colloids in Figures 41 c and d (trials 11 and 15) sufficient variation in the refractive 
indices was observed by reflectance spectroscopy and quantified (see section 4.6.4).  
4.5 Nanoparticle Synthesis 
 The formation of Au nanoparticles (NPs) within poly(2-vinylpyridine) containing 
colloids was conducted to study the functionality of a nanocomposite system. Properties of 
NPs are generally dependent on the crystallinity, size, interparticle distance, composition, 
and the dielectric properties of the supporting carrier or medium.11 This stimuli-responsive 
microgel provides a suitable system to investigate the distance-dependent control of Au 
NPs. This cross-linked PSx-r-P2VPy-r-PDVBz can be used as a matrix for ion-doping under 
acidic conditions shown by the schematic in Figure 42.11  
  




Previously purified PSx-r-P2VPy-r-PDVBz were stirred for 30 min with aqueous 
KAuCl4 (0.010 M) in H2SO4 (0.10 M) for a resulting concentration of 1.67 x 10-3 M KAuCl4 
with (2 – 6 wt. %) colloids at room temperature. The colloids were then purified by dialysis 
for 8 h in order to provide only the ion-doped precursors for the Au NP composite. A 
radiation-induced reduction of the monovalent aurate anion was carried out for 21 h under 
stirring to synthesize Au NPs within PSx-r-P2VPy-r-PDVBz. The mechanism for this reduction 
process is complex and not fully understood, however it is reasonable to believe that the 
deposition of radiant energy gives rise to radiolytic radicals such as solvated electrons (eaq -) 
and hydrogen atoms (H) generated from the ionization and excitation of the solvent, which in 
this case is water.12 These strong reducing agents [Eo (H2O/eaq -) = - 2.87 VNHE] and [Eo 
(H+/H) = - 2.3 VNHE] can certainly reduce metal ions to the metal (0) oxidation state.12 It is 
also possible that moieties of the colloids are sacrificed for radical production during this 
process as well. Once the irradiation was complete the colloids were further purified by 
dialysis with a higher molecular weight cut off (MWCO 12,000 – 14,000) membrane than 
formerly (MWCO 8,000) used. 
 
4.6 Au-NP Colloid Characterization 
4.6.1 X-ray Photoelectron Spectroscopy 
 X-ray photoelectron spectroscopy (XPS) was carried out to verify the presence of Au 
NPs and for assessment of the oxidation state. The spectrum is shown in Figure 43 for Au 
NPs synthesized from PS0-r-P2VP50-r-PDVB0.30 from an initial concentration of 9.09 x 10-4 M 
(0.0028 wt. %) HAuCl4. A Shirley background fit was used to determine the binding energy 
of the 4f5/2 and 4f7/2 peaks after a correction for the referenced carbon 1s peak at 284.6 eV 
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was accounted for.13 The binding energy of the 4f5/2 and 4f7/2 peaks were reported at 88.6 
and 84.6 eV with a doublet separation of 4.0 eV. Literature states that metallic gold should 
occur at 87.7 and 84.0 eV with a doublet separation of 3.7 eV.14, 15 Hence, it may be 
reasonable to infer that a small amount of incompletely reduced Au is present in the NP-
colloid composite.16  
 
Figure 43 XPS spectrum of Au-NP synthesized with PS0-r-P2VP50-r-PDVB0.30 colloids from 
trial 2. The Au 4f5/2 and 4f7/2 peaks are shown with binding energies corrected to 284.6 eV.13 
 
4.6.2 Nanocomposite Swellability 
 Swellability of the Au-NP containing PSx-r-P2VPy-r-PDVBz colloids was qualitatively 
studied by DLS using the same metric as described in the previous section. The volume 
mean distribution taken at various pH units (Vt) was normalized to the mean at pH 2 (V0) 
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shown in Figure 44. The shaded region shows data where flocculation occurred causing 
DLS measurements to be off trend. This ratio was plotted against pH for the PS0-r-P2VP1.0 
colloids. The red trace is the best fit of Vt/V0 for AuCl4- loaded colloids prior to the photolysis 
treatment and show a similar curve to the unloaded colloids as expected. After Au-NP 
synthesis, a striking difference in swellability is exhibited in the blue data. Swellability  
 
Figure 44 Titration curve generated by DLS of trial 3, PS0-r-P2VP30-r-PDVB0.50. Vt is the 
volume mean distribution at a particular pH and V0 is volume mean distribution at pH 2. The 
shaded green region indicates observed flocculation for ion loaded PS0-r-P2VP30-r-PDVB0.50 
and Au-NP PS0-r-P2VP30-r-PDVB0.50 samples. 
 
becomes virtually non-existent and a working range between 2 and 5 pH units is 
demonstrated. This indicates that the presence of Au-NPs induces a strong physical cross-
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link in the colloids and reasonable to believe that the NPs are embedded within the 
polymeric structure. 
 
4.6.3 Transmission Electron Microscopy  
Transmission electron microscopy (TEM) was carried out on Au-NP PS0-r-P2VP1.0 
using a fully automated tomography tilt series. The tilt range from -70 o to + 70 o is shown in 
Figure 45 a – d. The incorporation of nanoparticles into the interior of the colloids can be 
confirmed by these series of images taken on a single sphere. Tilt angles were not included 
in the data set. 
Figure 45 TEM images of Au-NP synthesized by PS0-r-P2VP30-r-PDVB0.50. Images (a – d) 
show a series of images taken at four representative angles between -70 o and +70 o with a 




4.6.4 Reflectance of Photonic Assemblies 
 Reflectivity in the UV and visible region were measured on colloidal assemblies. The 
primary reflectivity peak has been used to estimate the average diameter of colloidal 
spheres using a combination of Bragg’s and Snell’s Law as a model of best fit due to the 
Figure 46 Specular reflectivity measurements from photonic crystals both fabricated by drop 
cast method at 60 oC on glass substrates from PS0.60-r-P2VP0.40 and Au-NP containing PS30-
r-P2VP20-r-PDVB0.20. 
 
presence of FCC (111) planes. The Au-NP containing PS30-r-P2VP20-r-PDVB0.20 showed 
high reflectivity at 720 nm while the PS30-r-P2VP20-r-PDVB0.20 colloid is shifted to a larger 
wavelength with a decrease in frequency. A table containing diameter measured by SEM 




4.5.5 Thermogravimetric Analysis Infrared Spectroscopy 
 The intensity of the 2-vinylpyridine and styrene absorbance peaks from TGA-IR were 
tracked versus time and temperature for a series of PS20-r-P2VP30-r-PDVB0.20 colloids. The 
 
 
Figure 47 TGA-IR plots of the intensity of the 1585 cm-1 peak corresponding to the 2VP 
signal versus time and temperature for PS20-r-P2VP30-r-PDVB0.20 colloids (a) UV control (b) 
and AuCl42- ion loaded PS20-r-P2VP30-r-PDVB0.20 (c) and Au-NP containing PS20-r-P2VP30-r-
PDVB0.20 (d). 
 
2-vinylpyridine peak found at 1585 cm-1 was plotted and compared for each colloid sampled 
from various steps within the synthesis. For instance, this includes the final Au-NP 
containing colloids, samples taken from AuCl4- ion loaded without photolysis, and pure PS20-
r-P2VP30-r-PDVB0.20 colloids prior to any NP synthetic steps. A UV control was also included 
and taken through each synthetic step excluding any aurate loading. These data are shown 
in Figure 47 and corresponding IR spectrums are included in Appendix III. An interesting 
occurrence is the peak shift to a higher time and therefore temperature in the colloids that 
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contain either metal ions or metallic nanostructures. This may be indicative of the pyridine 
moiety coordinating to aurate complexes and also once Au NPs are synthesized within 
colloids. This same form of analysis was evaluated for the styrene peak. It is useful to 
compare this TGA-IR plot in Figure 47 to the peak assigned to the styrene signal at 1635 
cm-1 for the same set of samples. These data are shown in Figure 48. The apparent shift in 
metal containing colloids is not present in these plots, which further supports the role of 
pyridine in the synthesis of metallic nanostructures.  
 
Figure 48 TGA-IR plots of the intensity of the 1635 cm-1 peak corresponding to the styrene 
signal versus time and temperature for PS20-r-P2VP30-r-PDVB0.20 colloids (a) UV control (b) 
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5.  Conclusions 
The synthesis of nanoparticles by way of polymer frameworks containing 
poly(vinylpyridine) have successfully been implemented and surpass current limitations in 
the field of catalysis and colloidal nanocomposites. Synthetic parameters such as 
positioning, particle spacing, as well as controlling the regions of particle localization have 
been set forth by these polymer frameworks. Conclusory remarks for both approaches are 
discussed in the following sections. 
5.1 PtxIr100-x Electrocatalysts for the Formic Acid Oxidation Reaction 
 In summary, this thesis represents the first published body of work on the structural 
and electrochemical characterization of platinum-iridium (PtxIr100-x) bimetallic nanoparticles 
synthesized by method of block copolymer templates for the activity of formic acid oxidation. 
Polystyrene-block-poly(4-vinylpyridine) films were spin-cast onto multiple substates to 
demonstrate the versitility of a well-ordered self-assembled polymer template. The selected 
block copolymers afforded the precise positioning and periodicity of nanoparticle nucleation 
sites and prevented particle agglomeration upon thermal reduction. In sight into how 
morphology and specifically how interparticle spacing affects catalytic activity was 
elucidated. A thermal annealing technique was employed to ensure the reduction of metal 
ions and to pyrolytically degrade the polymer template. Compositional tuning of PtxIr100-x 
bimetallic nanoparticles was successful by various tailored immersion baths and confirmed 
by XPS and TEM-EDS characterization. Particle morphologies and measurements were 
obtained by TEM and an average diameter distribution was concluded to be 5 nm. 
Electrochemical characterization by CV elucidated a strong compositional dependence on 
the activity of formic acid oxidation as the ratio of Pt to Ir was varied. The final 
characterization technique brought together a cost assessment of catalytic performance by 
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way of ICP-MS where catalytic performance per mass unit of Pt was quantitatively 
determined.   
 It was revealed by CV that the activity of formic acid oxidation could be correlated to 
a compositional enhancement by the addition of Ir in PtxIr100-x bimetallic catalysts. A 
comprehensive analysis of all peak current densities associated to formic acid oxidation 
from steady-state conditions were assessed such that optimal PtxIr100-x compositions could 
be identified. The first anodic I1 peak is assigned to the direct oxidation of formic acid 
occuring at sites free of poisonous intermediates (COads) and was of primary consideration 
for catalytic performance.1-3 Close attention was also paid to the second anodic I1b peak 
which was ascribed to the oxidation of COads poisonous intermediates as well as oxidation of 
formic acid at recovered active sites after removal of COads.2, 4, 5 The third peak of interest 
was the reverse anodic I3 peak, indicative of the oxidation of formic acid after reduction of 
surface oxides. The presence and current densities of I1, I1b, and I3 reached optimum activity 
at a compositon of Pt88Ir12 and Pt93Ir7 for the PS552-b-P4VP174 and PS1392-b-P4VP471 polymer 
templates. Performance for formic acid oxidation was enhanced by 2 and 6-fold increases 
when compared to the pure Pt100Ir0 analogue. 
These findings are supported by the bifunctional mechanism also known as an 
“ensemble effect” where different mechanistic functionalities can be exploited for improved 
efficiency of electrocatalytic processes.6, 7 For instance the second metal, Ir, can promote 
the removal of COads by the formation of hydroxyl species on the surface adjacent to Pt 
active sites.4 Furthermore, the primary pathway was concluded to be direct oxidation by 
dehydrogenation for these high performing catalysts, where a “bridged formate route” is 
considered dominant.8, 9 This pathway is also mechanistically bifunctional. The propensity of 
Ir to bind oxygen at low potentials gives rise to highly desirable bimetallic PtxIr100-x catalysts 
for use in formic acid oxidation. 
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It is also recommended that the smaller PS552-b-P4VP174 template be used to 
synthesize PtxIr100-x because nearly a 50% increase in mass activity for the I1 was found in 
comparison to the larger PS1392-b-P4VP471 templated catalysts. This increase in mass 
activity is likely due to surface morphology where less interparticle gaps ( < 2 nm) per cluster 
are present and more frequent intercluster gaps on the order of ~ 60 nm. Having more 
frequent clusters with about three interparticle gaps (< 2nm) per cluster proved to be highly 
advantageous for an increase in mass activity. In addition, it may be that the catalysts from 
the smaller polymer template have a slightly smaller average particle diameter that has not 
been fully realized by the statistical sample population that was measured. This is because 
past studies have shown that mass activity is dependent on particle size and the fraction of 
(111) and (110) surface exposed planes.10 
Fuel cells are increasingly becoming a more viable alternative for the clean-energy 
economy.11, 12 The need to decrease the cost in catalyst technology and improve the efficacy 
is significant for advancement of these devices. The assessment of current per mass unit by 
ICP-MS demonstrates that a cheaper catalyst with a higher activity was infact designed. The 
ease by which bimetallic nanoparticles can be synthesized from this method allows for 
means of assessing future catalysts. Thus, the possibility of exploring and further elucidating 
properties of bimetallic and trimetallic catalysts can be realized.  
 
5.2 Au-NP PSx-r-P2VPy-r-PDVBz Colloids 
 In conclusion, the robust synthesis of monodisperse lightly cross-linked colloids (200 
– 1000 nm) with varying polystyrene to poly(2-vinylpyridine) (PSx-r-P2VPy-r-PDVBz) content 
have been explored for use in photonic assemblies and as scaffolds for nanoparticle 
synthesis and inclusion. A random emulsion copolymerization of PSx-r-P2VPy-r-PDVBz 
subjugated the hydrophobic-hydrophilic tunability needed for the self-assembly of hard-
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packed (111) face centered cubic planes as well as the ability to regulate pH responsivity. 
Additional synthetic parameters such as the relative amount of initiator and adjusting cross-
link density were also explored in a successful attempt to study the dependence on mean 
diameter and any additional impacts on the pH swellability. Morphological characterization 
by DLS, SEM, and UV/Vis reflectance spectroscopy confirmed a narrow monomodal 
distribution. Chemical and thermal assessment by TGA-FTIR validated the presence of the 
styrene and 2-vinylpyridine moeities as well as ability to track signal intensities as a function 
of thermal stability, which gave insight to the stability of these chemical environments. 
The hydrophilic pyridinium domains were utilized for sequestering metal anions 
following a radiation induced reduction to synthesize Au-NP containing PSx-r-P2VPy-r-
PDVBz. This was confirmed by TGA-FTIR by evaluating the 1585 cm-1 peak which showed a 
shift to a higher thermal intensity when compared to unloaded PSx-r-P2VPy-r-PDVBz and to 
the trend for the styrene peak at 1635 cm-1. It was found that PS0.60-r-P2VP0.40-r-PDVB0.20 
showed high supression of pH swellability and when loaded with Au-NPs strong reflectance 
in comparison to PS0.40-r-P2VP0.60-r-PDVB0.20 colloids loaded with similar concentrations of 
Au-NPs. This may indicate the formation of surface localized Au-NPs on the colloidal 
structure. Further TEM data is needed to fully characterize the Au-NP containing PSx-r-
P2VPy-r-PDVBz colloids. It is also recommended that future work involve determination of 
the % mass of the Au-NP loading by TGA versus the concentration of AuCl4- ions in the 
media after addition to PSx-r-P2VPy-r-PDVBz colloids. Colloidally stabilized Au nanoclusters 
have been reported to show excellent activity toward aerobic alcohol oxidation.13-15 
Therefore, identifying the loading capacity of Au-NP in PSx-r-P2VPy-r-PDVBz colloids is a 
relevant quantification needed for designing potential catalytic applications. Surveying the 
use of Au-NP containing PSx-r-P2VPy-r-PDVBz colloids for small organic transformations 
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Appendix I. Abbreviations and Symbols 
 
Symbol  Definition        Units (if any) 
 
µm micrometer  
ao surface area between solvent phobic blocks Å2 
Ag/AgCl silver/silver chloride reference electrode  
Ar argon  
Au gold  
Au-NP gold nanoparticles  
Au 4f 4f orbitals of the gold atom  
C 1s The 1s orbital of the carbon atom  
cm centimeter  
CO carbon monoxide  
COads surface adsorbed carbon monoxide  
CO2 carbon dioxide  
Co cobalt  
dhkl distance between crystallographic planes  
d length of solvent phobic block  
DFAFC direct formic acid fuel cell  
DMFC direct methanol fuel cell  
DP degree of polymerization  
ɛcell fuel cell efficiency  
ɛthermal Carnot efficiency  
ΔE change in energy J 
e- electron  
e-aq solvated electrons  
ECSA electrochemically active surface area A (g Pt-1) 
eV electron volt  
F Faraday constant A mol-1 
FCC face centered cubic  
Fe iron  
FWHM full width at half the maximum  
g gram  
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ΔG Gibbs free energy kJ 
HCOOH formic acid  
h hours  
H hydrogen atom  
H+ proton  
Hg mercury  
ΔH change in enthalpy kJ 
I1 first anodic peak µA cm2- 
I1b second anodic peak µA cm2- 
I2 thrid anodic peak µA cm2- 
I3 reverse anodic peak on cathodic sweep µA cm2- 
ITO indium tin oxide  
K kelvin  
kg kilogram  
kX thousand times, often referring to magnification  
L mass loading of Pt  g 
l liter  
LOQ limits of quantification  
MA mass activity A mg-1 Pt 
M molarity mol L-1 
mg milligram  
mL milliliter  
mm milimeter  
Mn average number molecular weight g mol-1 
Mo molybdenum   
mV millivolt  
MWCO molecular weight cut off g mol-1 
mW milliwatt  
n number of electrons  
neff mean refractive index  
Ni nickel  
nm nanometer  
OH- hydroxide ion  
p packing parameter  
PAFC phosphoric acid fuel cell  
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PD distribution by dynamic light scattering  
PDI polydispersity index  
PEM polyelectrolyte membrane  
PEMFC polyelectrolyte membrane fuel cell  
ppm parts per million  
Pt platinum  
PTFE Poly(tetrafluoroethylene)  
qpt coulomb  
s seconds  
ΔS change in entropy J K-1 
SHE standard hydrogen electrode  
SOFC solid oxide fuel cell  
T1 Absolute temperature of cold resevoir K 
T2 Absolute temperature of hot resevoir K 
Td degradation temperature oC 
ΔUo voltage of the cell V 
V potential  
Vt volume mean diameter at pH 2 nm 
Vo volume mean diameter at various pH nm 
We electrical work performed  
Wr work done by system  
Wh watt hour  
Ω ohms  
λmax lamda max Nm                                                   
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Appendix II. PtxIr100-x 















Figure II.1.1 TEM images of: Pt100Ir0 (a) Pt93Ir7 (b) Pt91Ir9 (c) Pt88Ir12 (d) Pt80Ir20 (e) Pt79Ir21 (f) 
Pt55Ir45 (g) and Pt0Ir100 (h) synthesized with PS552-b-P4VP174 along with corresponding 




















Figure II.1.2 TEM images of: Pt100Ir0 (a) Pt94Ir6 (b) Pt93Ir7 (c) Pt85Ir15 (d) Pt78Ir22 (e) Pt68Ir32 (f) 
Pt50Ir50 (g) and Pt0Ir100 (h) synthesized with PS1392-b-P4VP471 along with corresponding 




















Quant % Pt Quant % Ir 
1 64.0 36.0 
2 65.2 34.8 
3 63.6 36.4 
4 63.3 36.7 
5 62.0 38 
6 64.5 38.5 
Total Area 52.6 47.4 
 
Figure II.2.1 HAADF TEM-EDS images of arrays of nanoparticles created from PS1392-b-
P4VP471 and the 98.5:1.5 loading bath (a) the matching elemental maps for platinum and 
iridium (b) and (c) at 110 kX magnification. 6 individual particles were quantified as well as 















Quant % Pt Quant % Ir 
1 32.1 67.9 
2 30.8 69.2 
3 35.5 64.5 
4 28.5 71.5 
5 37.2 62.8 
6 38.2 61.8 
Total Area 18.5 81.5 
 
Figure II.2.2 HAADF TEM-EDS images of arrays of nanoparticles created from PS1392-b-
P4VP471 and the 98:1 loading bath (a) the matching elemental maps for platinum and iridium 
(b) and (c) at 110 kX magnification. 6 individual particles were quantified as well as the total 















Quant % Pt Quant % Ir 
1 45 55 
2 41 59 
3 41.9 58.1 
4 45.3 54.7 
5 47.5 52.5 
6 41 59 
Total Area 38.7 61.3 
 
Figure II.2.3 HAADF TEM-EDS images of arrays of nanoparticles created from PS1392-b-
P4VP471 and the 97.5:2.5 loading bath (a) the matching elemental maps for platinum and 
iridium (b) and (c) at 110 kX magnification. 6 individual particles were quantified as well as 















Quant % Pt Quant % Ir 
1 38.7 61.3 
2 36.8 63.2 
3 45.8 54.1 
4 32.5 67.5 
5 38 62 
6 37.8 62.2 
Total Area 33.4 66.6 
 
Figure II.2.4 HAADF TEM-EDS images of arrays of nanoparticles created from PS1392-b-
P4VP471 and the 95:5 loading bath (a) the matching elemental maps for platinum and iridium 
(b) and (c) at 110 kX magnification. 6 individual particles were quantified as well as the total 


















Quant % Pt Quant % Ir 
1 66.6 33.4 
2 70.4 29.6 
3 68.1 31.9 
4 66.0 33.4 
5 71.1 28.9 
6 72.7 27.2 
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Total Area (a) 70.4 29.6 
Total Area (d) 69.5 30.5 
Total Area (e) 53.6 46.4 
 
Figure II.2.5 HAADF TEM-EDS images of arrays of nanoparticles created from PS552-b-
P4VP174 and the 98.5:1.5 loading bath (a) the matching elemental maps for platinum and 
iridium (b) and (c). Additional images for total area measurements are shown in (d) and (e) 




















Quant % Pt Quant % Ir 
1 53.5 46.5 
2 61.9 38.1 
3 59.3 40.7 
4 64.5 35.5 
5 53.5 46.5 
6 58.4 41.8 
Total Area (a) 57.6 42.4 
Total Area (d) 59.8 41.9 
Total Area (e) 41.9 58.1 
 
Figure II.2.6 HAADF TEM-EDS images of arrays of nanoparticles created from PS552-b-
P4VP174 and the 98:1 loading bath (a) the matching elemental maps for platinum and iridium 
(b) and (c). Additional images for total area measurements are shown in (d) and (e) at 110 
















Quant % Pt Quant % Ir 
1 35.9 65.1 
2 26.9 73.1 
3 66.5 33.5 
Total Area (a) 9.4 90.6 * 
Total Area (d) 45.5 54.5 
*Diffuse Ir metal present throughout sample  
Figure II.2.7 HAADF TEM-EDS images of arrays of nanoparticles created from PS552-b-
P4VP174 and the 97.5:2.5 loading bath (a) the matching elemental maps for platinum and 
iridium (b) and (c). Additional images for total area measurements are shown in (d) at 110 















Quant % Pt Quant % Ir 
1 37.7 62.3 
2 32.3 67.7 
3 42.2 57.8 
Total Area 36.2 63.8 
 
Figure II.2.8 HAADF TEM-EDS images of arrays of nanoparticles created from PS552-b-
P4VP174 and the 95:5 loading bath (a) the matching elemental maps for platinum and iridium 
(b) and (c) at 110 kX magnification. 3 individual particles were quantified as well as the total 
area from this image and is represent by the table (d). 
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II.3 XPS Data 
Figure II.3.1 XPS data for PS552-b-P4VP174 beginning with pure platinum (bottom) with 




II.4 ICP-MS Data 
 
Figure II.4.1 ICP-MS data of catalysts normalized to area of dissolved electrode synthesized 
from PS1392-b-P4VP471 plotted against XPS data. The 95 % confidence interval for the Pt80-




Figure II.4.2 ICP-MS data of catalysts normalized to area of dissolved electrode synthesized 
from PS1392-b-P4VP471 plotted against XPS data. The 95 % confidence interval for the Pt85-




II.5 PtxIr100-x CVs Synthesized by PS552-b-P4VP174 
Figure II.5.1 Cyclic voltammograms of PtxIr100-x catalyst synthesized from PS552-b-P4VP174. 
All 25 cycles are shown where the first cycle is the black trace. 
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Figure II.5.2 Steady-state cyclic voltammograms of PtxIr100-x catalyst synthesized from 




Figure II.5.3 Cyclic voltammograms of PtxIr100-x catalyst synthesized from PS552-b-P4VP174 







Figure II.5.4 Cyclic voltammograms of PtxIr100-x catalyst synthesized from PS552-b-P4VP174 
where only the forward sweep between 0.0 – 1.0 V for the last cycle out of 25 cycles is 






Figure II.5.5 I1 current density peak height versus cycle number for all 25 cycles 





Figure II.5.6 I1b current density peak height versus cycle for all 25 cycles for applicable 



























Figure II.5.10 Potential of I3 peak plotted against cycle number for 25 cycles. synthesized 
from PS552-b-P4VP174. 
 
*Note -  I2 and I1b potential versus cycle plots omitted due to no variance as cycles 





Figure II.5.11 Plot of the mass activity of the I1 current from the 25th cycle versus % 
composition of Pt by XPS from PtxIr100-x catalysts synthesized from PS552-b-P4VP174. 
 
Figure II.5.12 Plot of the mass activity of the I2 current from the 25th cycle versus % 





Figure II.5.13 Plot of the mass activity of the I3 current from the 25th cycle versus % 














II.6 PtxIr100-x CVs Synthesized by PS1392-b-P4VP471 
 
Figure II.6.1 Cyclic voltammograms of PtxIr100-x catalyst synthesized from PS1392-b-P4VP471 








Figure II.6.2 Cyclic voltammograms of PtxIr100-x catalyst synthesized from PS1392-b-P4VP471 
where only the forward sweep between 0.0 – 1.0 V for the last cycle out of 25 cycles is 



































Figure II.6.7 Potential of I3 peak plotted against cycle number for 25 cycles. 






Figure II.6.8 Plot of the mass activity of the I2 current from the 25th cycle versus % 
composition of Pt by XPS synthesized from PS1392-b-P4VP471. 
 
 
Figure II.6.9 Plot of mass activity of the I3 current from the 25th cycle versus % composition 
of Pt by XPS synthesized from PS1392-b-P4VP471. 
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Figure III.1 Titration curve generated by DLS of Trial 11, PS0.40-r-P2VP0.60. Vt is the volume 
mean distribution at a particular pH as 0.10 M NaOH is added and V0 is volume mean 
distribution at pH 2 after addition of 0.10 M HCl. The shaded green region indicates 






Figure III.2 TGA curve in nitrogen at a heating rate of 20 oC/min of the Au-NP containing 










Figure III.3 TGA curve in nitrogen at a heating rate of 20 oC/min of the Au-NP containing, 





Figure III.4 Specular reflectivity measurements from photonic crystals both fabricated by 















Table III.1 Table of diameters for colloids without Au-NPS by DLS and SEM. 
Trial (PSxP2VPy)a DVB 
(%)b 
DLS 











1  PS0P2VP1.0 0.7 % 449 788 337 
2  PS0P2VP1.0 0.6 % 389 770 297 
3  PS0P2VP1.0 0.4 % 389 856 324 
4  PS0.20P2VP0.80 0.7 % 340 665 251 
5  PS0.20P2VP0.80 0.6 % 392 662 234 
6  PS0.20P2VP0.80 0.4 % 328 548 259 
7  PS0.40P2VP0.60 0.7 % 297 448 217 
8 PS0.40P2VP0.60 0.6 % 403 735 308 
9  PS0.40P2VP0.60 0.4 % 338 808 242 
10  PS0.60P2VP0.40 0.7 % 531 305 233 
11 PS0.60P2VP0.40 0.6 % 444 472 337 
12  PS0.60P2VP0.40 0.4 % 282 788 o 




b – represents the wt. % of DVB relative to the total comonomer wt. %. 
 
Table III.2 Table of diameters for colloids with Au-NPS by DLS and SEM and λmax for 
reflectivity compared to Eqn. 5 model. 
 
Trial (PSxP2VPy)a 
DLS ~ 6 




















































Figure III.7 Condensed phase 4-vinylpyridine reference for the 2-vinylpyridine signal 
intensity at 1585 cm-1. 
 
